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ABSTRACT

High mobility indium antimonide thin films were prepared using the
- electron-beam evaporation technique to permit study of thin-film struc-
ture and formation., Thin-film Hall devices and magnetoresisters were.
fabricated, and electron and stable fast neutron radiation effects on
InSb films were studied. Gallium arsenide phosphide (GaAsP) and silicon
MIs_capacitors were_fabricated by using aluminum oxide'(A1203) and sili-
con oxide.(SiOx). Tellurium thin-film transistors (TFTs) were alse fab-
ricated using eleCtron—beam evaporated A1203 or the anodization of alu-
minum. The device stability was studied before and after thermal an-

nealing in different gases.

Physical properties of InSb compound semiconductors were studied
to gain understanding of the detailed mechanism of thin-film nucleation
and growth. It was found that larger grain size resulted in high mobil-
ity films., .High mobility InSb thin films were prepared using the elec-
tron-beam gun at a rate of 300 to 500 ﬁ/sec on precleaned glass sub-
strates, maintained at 300°C, at a pressﬁre of 2 to 3 x 10-7 torr.'
After being heated in an oven at 250°C for about 20 minutes, the films
were recrystallized in a dry argon atmospheie (2 liters/min) between 520
and 535°C for 2 to 3 minutes. Electron mobility ranged from 40(000vto

v68,000 cm2/V—sec.' For a two-layer thin-film Corbino disk, a magnetore-
. sistance of 18 was obtained at 10 Kgauss.:

'When irradiated with®electron dose rates up to 2 x lOll rads (InSb) /
sec at 2.3 MeV and with neutron fluences of 1014, 1015, and 1016 nvt,
these films did not indicate any change in electron mobilities. However,

at 1017 nvt, electron mobilities of all these films dropped below 20,000

cm2/V—sec. The carrier removal rates ranged from 0.247 to 3.350 cm_l.

" The A1203 was deposited from single-crystal sapphire at rates of

60 to 200 ﬂ/min in an oxygen background of 5 x lO-5 torr on n-type sili-

con or GaAs aluminum or chromium was the gate metal. The fabri-

17251727 ™ ‘ _
cated MIS devices were annealed at 250°C in helium (1 liter/min) for 20
minutes and in oxygen (1 liter/min) for 40 minutes. After annealing,

the hysteresis loop of C-V characteristic curves disappeared, resulting



in excellent stability. While the inversion was observed in silicon MIS
capacitors, depletion was observed in GaAsP. Surface-state charge and
surface~state density values of st = =5.21 x 10_9 coulombs/cmz, NSS =
3.26 x 10°° states/cm?® for silicon and Q. = -1.175 x 1078 coulombs/cm?,

N = 7.35 x 10lO states/cm2 for GaAsP were obtained. The resistivity

ss
and breakdown voltage of the A120 ranged from 1013 to lO14 ohm-cm and

3
from 2.2 x 10° to 2.8 x 10° V/cm, respectively.
A rather high-transconductance tellurium TFT with well-saturated

characteristics was fabricated using A120 and thewphotoengraving tech-

nigue. The gate was 5 x 600-mil aluminum? gold was used for the source
and drain metal.  The thicknesses of the insulator and semiconductor

. here 450 & and 100 &. ‘For a gate voltage of 5 volts.and drain voltage
of 1 volt, transconductance and gain bandwidth product values of_gm =

9 x lO-3 mho and fm = 0.77 x lO6 Hz were obtained.

vi
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CHAPTER I

INTRODUCTION

The achievement of metal-insulator-semiconductor (MIS) capacitors
and thin-film transistors (TFTs) using thin-film semiconductor and insu-
lator techniques is of considerable importance in microelectronics, es-

pecially in obtaining integrated circuits.

Studies of the thin-film structure and formation are helpful in
fabricating high mobility III-V compound semiconductor thin films (Chap-
ter II). High mobility thin films of indium antimonide are fabricated
by using electron-beam evaporation and recrystallization processes de-
veloped at The University of New Mexico. Measurement of Hall effect and
resistivity determines the electrical properties of these films, which
are carrier type, carrier concentration, and carrier mobility. Applica-
tions of the fabricated high mobility thin films are the Hall devices

and magnetoresistors in various geometries (Chapter III).

The indium antimonide thin films are polycrystalline in structure
and have many crystalline imperfections; therefore, low doses of elec-
tron and neutron radiation do not change the film properties. Because

of this, radiation-hardened thin-film devices can be fabricated.

One of the most important fabrication techniques for the MIS ca-
pacitors and MISTFTs is the development of a process which can be used
to form a stable dielectric on the semiconductor surface (Chapter 1V).
Gallium arsenide phosphide (GaAsP) MIS capacitor research was begun at
The University of New Mexico in 1969 and has continued toward the devel-
opment of a suitable gate dielectric material. The drxry thermal oxida-
tion of GaAsP'prodﬁces stable GaAsP MIS capacitors; however, aluminum
oxide (Al203) study is also necessary to develop the dielectric-growth
process which has been used to produce stable GaAsP MIS capacitors (Al-
A1203-GaAsP structure) . 4In order to verify the superiority of the A1203
in stability, the aluminum oxide (e.g., sapphire) was electron-beam
evaporated on the n-nt type silicon chips as well as on the GaAsP, and

electrical characteristics were measured. At the same time, the silicon
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monoxide (SiO or SiOx) was also evaporated on the GaAsP to compare SiO

with A1203. Thermal ahnealing effects on electron-beam evaporated A120

and wet anodized film were studied for different temperatures, gases,

3

and times.

Insulated-gate thin-film field effect transistors (IGTFTs) have -
been fabricated using electron-beam evaporated thin films of indium anQ'
timronide and inéulating films of aluminum oxide. However, considering
the high mobility of indium antimonide, thin-film transistors with good
room temperature drain characteristics have not been fabricated, primar-
ily because of the narrow bandgap energy of InSb and the need for the
development of a good recrystallization process for the very thin films
of InSb. In the meantime, rather high transconductance tellurium-A1203—
Al thin-film transistors with well-saturated drain characteristics have
been fabricated using both wet anodization of aluminum and electron-beam
evaporation of A1203, followed by thermal annealing in hydrogen, helium,

and oxygen. Passivation of devices by A120 overcoating was dcne to

3
prevent possible contamination. These fabricated tellurium thin-film

transistors have shown fairly stable drain characteristics.



CHAPTER II

A STUDY OF ELECTRON BEAM EVAPORATED HIGH-MOBILITY
INDIUM ANTIMONIDE AND III-V COMPOUND
SEMICONDUCTOR THIN FILMS

Properties of III-V Compound and InSb’Sémiconductors-

In the period between 1940 and 1950, the technology of germanium
and silicon‘semiconducting elements was strongly emphasized. Until now

.these materials have been the prime substances for a systematic investi-

gation of the semiconduc¢tor mechanism. Particularly, silicon technology

has been well developed and extended to large-scale integrated circuits.

After a long time of neglecting the study of compound semiconduc~
tor materials, Welker demonstrated that the III-V compounds have partic-
ularly interesting properties, that they are all semiconductors, and
that they have a close relationship to the semiconducting elements of
the fourth column 6f the periodic table (References 2-1 and 2-2). 1In
addition he was able to predict the important new characteristics of
these semiconductors and to prove them experimentally. Thus, a connec-
tion was exhibited between germanium and silicon, on one hand, and the
II-VI and I-VII compounds, on the other hand. However, the compounds
are technologically much more difficult to prepare, and the theorétical
model that had been developed for the covalently bonded elements—ger-
manium and silicon—could generally not be extended to the mbre ionic

compounds.

Some of the semiconducting compounds weré known to crystallize in
the zinc-blende and wurtzite structures and consequently to have a bind—

ing mechanism similar to that of germanium and silicon.

Crystal Structure

The most important lattices with a tetrahedral arrangement are the
diamond lattice, the zinc-blende lattice, and the wurtzite lattice. In

the diamond lattice, each atom.lies in the center of a tetrahedron,
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formed by the four nearest neighbors. Two neighboring tetrahedrons are
oriented in such a way that the base triangles are rotated by 60 degrees
from one another. The zinc-blende structure is formed in the same wéy
except that the two nearest-neighbor points are occupied by different
elements. The diamond lattice is consequently restricted to elements,
the zinc-blende structure to binary compounds. The wurtzite lattice is
not cubic but can be considered as two interpenetrating, close-packed
hexagonal lattices. One of the four nearest-neighbot tetrahedrals is
oriented in such a way that the two bases lie exactly over each other
(Reference 2-3). In this chapter, InSb, one of the important group
III-V compounds, which has a zinc-blende structure as shown in Figure

2-1, will be discussed.

Band Structure

The theory of the band structure of the III-V compounds in the
vicinity of a symmetry point was developed quantitatively by Kane (Ref-
ereﬁce 2-4) and Dresselhaus (Reference 2-5) using k-p perturbation cal-
culation of the quantum theory. From their calculations, the band

structure as shown in Figure 2-2 is obtained.

The conduction band for InSb is parabolic near its minimum. With
increasing k the curvature decreases, and the effective mass of the
electrons therefoge increases. The influence of the higher- and lower-
lying bands causes a shift of the band at k # 0 to higher energies and a
lifting of the spin degeneracy except in the [100]- and [11l1]}-direction.
The topmost valence band (Vl—band) is not influenced at all by the conf
duction band but is affected strongly by all the other bands. The spin
degeneracy is lifted even at k = 0 (except in the [lOO]-direction) by
térms‘linear in k. The maxima of the band lie on the [111]}-axes outside
of k = 0. The next»highest valence band (V2-band) is degenerate with
the Vl-band at k = 0. It is‘nonparabolic, similar to the conduction
band, and it contains terms linear in k which 1lift the spin degeneracy
except in the [100]- and [11ll]-directions. The V3-band is similar to
the Vé—band except for the absence of linear k terms. Because of the
nonparabolicity of the conduction and V2 bands, three different effec-

tive masses must be introduced for ah isotropic but nonparabolic band



Figure 2-1. Zinc-Blende Lattice (B3-Type), Observed along a [110]

1.0

Energy(eV) o ' -

i EVI
s EVZ

-1.OF .
\3
1 1 | i | i |

01 2 34 5 6 7x10°2

k[uo] (Reciproéal Bohr radii)

Figure 2-2. Energy vs. Wave Number in [110]-Direction
for InSb According to Kane

Splitting of the twofold degeneracy has not been included. The dashed
curve represents the parabolic approximation for the conduction band.
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(Reference 2-3). Information about the shape of the valence band may be
obtained from the band-to-band absorption of degenerate samples, where
the Fermi level lies within one of the bands. A band model for aniso-
tropic Insb with a single parabolic conduction band (EC) and two degen-

erate valence bands (EV and EVZ) at k = 0 is shown in Figure 2-3. For

1

Ee
E
f !
L\EI AEI
' E
AE‘2 AE2 9
,7" Es
E"l
E
| V2
Degenerate n-type - Degenerate p—type

"Figure 2-3. Band Model for an lIsotropic Semiconductor with
a Single Parabolic Conduction Band (Ec) and Two
at k = 0 Degenerate Valence Bands (Ey] and Eyp)

a semiconductor with isotropic conduction band and two valence bands
which are degenerate at k = 0, if the sample is n-type, the Fermi level
lies in the conduction band, and direct.band-to—band transitions take
place only above an energy AEl > EG. "The absorption edge is displaced
to higher energies. Additional transitions from the Evz—band above AE2

lead to an increased absorption. When the Fermi level lies in the



valence band, the absorption starts at AE2 and increases once more dis-

continuously at AEl. I1f the E,,

most equal to E The absorption edge is then not shifted by degeneracy

G*

(Reference 2-3).

Properties of InSb Compound

l.

2.

Lattice constant, a

Coordinates

Number of molecules per
unit cell, M

Energy gap, E,

Electron mobility, ue

Hole mobility, uh

Intrinsic concentration, ni

Electron effective mass, m;

Hole effective mass, m;

-band has a large curvature, AE2 is al-

6.4787 &

[41 _ a
dInSb T4 V3

[12] _ _[12]1 _ a
din = dSb T2 2

4 (4 In and 4 Sb)

0.167 eV at 300°K
0.25 eV at 0°K

E, = 0.25 - 2.8 x 1074 1

78,000 cmz/V—sec

o 1-66
M, = 78,000 x (559)
2
750 cm /V-sec
M = 2.55 x 107 T-l'sl, above 100°K
M, = 5.40 x 10° 1714, 30-100°x

15 -3

2.06 x 1072 cm > at 300°K

-0.26
l014 T3/2 Xp 0 )

n; =6x 2kT

0.013 m

(o]
0.0lm < m*¥<0.02m
o] n o

m* = (0.016 + 0.007)m_ (Refer-
ence 2-3)

0.6 m
o

n* = 0.17 m (Reference 2-3)
P o



10. Conductivity, © 3 x 102 to 6 x 102 (Q—cm)"l for
n-type
2.5 x 10 to 2.5 x 10% (R-cm) T for
p-type
11. Hall coefficient, RH 7 x 10 to 3 x 102 cm3/coul for
n-type

6 x 10 to 7 x lO2 cm3/coul for

p-type
12, Dielectric constant, € 17
13. Melting point, Tm 530°C
1l4. Acceptors cd, 2zn, and Mg
15. Dohors Te, Se, and S

Bulk and Thin-Film Semiconductors

The properties of a thin film may be quite different from those of
the bulk, particularly if the f£ilm thickness is very small. The thin
films probably represent in many cases the most structurally imperfect
materials available (Reference 2-6). These anomalous properties are due
to the peculiar structure of the film, and this structure, in turn, is
dictated by the processes which occur during film formation. Generally,
thin films are prepared by depositing the f£film material, atom by atom,
on a substrate. Such processes of deposition involve a phase transfor-
mation, and the formation of a thin film can be understood by a study of

the thermodynamics and kinetics of this phase transformation.

The electrical properties of a thin film may bear little resem-
blance to the properties of the same material in bulk form, because the
bulk properties may be completely masked by the effect of defects.
Apart from those defects within the interior of the film, the surface
itself acts as a gross defect. In the case of bulk materials the sur-
face does not normally have an appreciable influence on the electrical

conductivity, since its influence extends only a relatively short



distance into the interior. However, in the case of thin films, the ef-
fect of the surface may extend throughout the entire thickness of the
material because of their greatly reduced third dimension. Moreover, in
a thin-film transistor, both interfaces of the semiconductor film can
influence the device properties, whereas only one interface is signifi-

cant ‘in the MOS field effect transistor.

Theories of Thin Film Nucleation and Growth

The best-understood process of film formation is that of cohdensa-
tion from the vapor phase. Since the production of thin films by vacuum
deposition or vapor reaction in a gaseous-flow system is also the most
important practical process, film formation by condensation from the

vapor phase is the subject of this section.

Condensation simply means the transformation of a gas into a lig-
uid or solid. Thermodynamically, the only requirement for condensation
to occur is that the partial pressure of the film material in the gas
phase be equal to or larger than its vapor pressure in the condensed
phase at that temperature. However, this is true only if condensation
takes place on film material already condensed or on a substrate made of
the same material. In general the substrate will have a chemical nature
different from that of the film material. Under these conditions, still
a third phase must be considered, namely, the absorbed phase, in which
vapor atoms are adsorbed on the substrate but have not yet combined with
other adsorbed atoms. Condensation isg initiated by the formation of
small clusters through combination of several adsorbed atoms. These
clusters are called nuclei, and the process of cluster formation is
called nucleation. Since small particles display a higher vapor pres-
sure than bulk material under the same conditions, a super-saturation
ratio larger than unity is required for nucleation to occur (Reference
2-7) . The process of enlargement of the nuclei to finally form a coher-
ent film is termed growth. Frequently both nucleation and growth occur
simultaneously during film formation. It is not sufficient to consider
the condensation process to be simply equivalent to a random raining
down on the substrate of sticky corkballs which stick where they impinge.

Rather, there will be sufficient surface mobility on the substrate to



lead to the formation of well-defined islands of film material on the
substrate even long after the nucleation step. Eventually these islands
coalesce to form a continuous film, but this will generally occur only

after the average film thickness has grown to several monolayers.

The general picture of the sequence of nucleation and growth steps
to form a continuous film which emerges from nucleation theory and elec-
tron microscopic observations (References 2-6, 2-7, and 2-8) is as fol-

lows:
1. Formation of adsorbed monomers.
2. Formation of subcritical embryos of various sizes.
3. Formation of critically sized nuclei—nucleation step.

4. Growth of these nuclei to supercritical dimensions with the
resulting depletion of monomers in the capture zone around
them.

5. Concurrent with step 4, there will be nucleation of critical

clusters in areas not depleted of monomers.

6. Clusters touch and coalesce to form a new island occupying an
area smaller than the sum of the original two, thus exposing

fresh substrate surface.

7. Monomer adsorbs on these freshly exposed areas, and secondary

nucleation occurs.

8. Large islands grow together, leaving channels or holes of ex-

posed substrate.

9. The channels or holes fill via secondary nucleation to give a

continuous film,

Four stages of the growth process are distinguished as nucleation
and island structure, coalescence of islands, channel formation, and
formation of the continuous film. Some of these steps are shown ;che-
matically in Figure 2-4, and a schematic of the shape changes during

coalescence is shown in Figure 2-5.

10
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Figure 2-5, Schematic of the Shape Changes
During Coalescence

Vacuum Chamber Pressure and Deposition Rate

The residual pressure in the vacuum chamber can have a consider—i
able effect on the properties of the film being deposited even if the
vacuum process is considered to occur in a virtually impurity-free at-
mosphere. For example, if the substrate were cooled so that the mole-
cules of residual gas bombarding it all condensed, a gas film would érow
at the rate of about 60 ﬁ/min, for a pressure of 10-6 torr in the vacuum
chambef (Reference 2-6). It is quite common for films to be deposited
at this rate, but fortunately they contain a gas impurity content of
less than 50 percent, since all the gas molecules striking the condens-
ing film do not necessarily react with it. However, to obtain the pur-
est films, it is often desirable to deposit the films at a high rate so
that the freshly deposited surface, with ité unsatisfied valences, can
be recovefed with more evaporant before a significant number of gas
molecules have time to strike the surface. Thus, it is not the residual
pressure alone that determines the proportion of trapped gas, but the

ratio of the deposition rate to the pressure.

Defects and Grain Boundaries

When the islands during the initial stages of film growth are
still quite small, they are observed to be perfect single crystals.
However, as soon as the islands become large enough so that they touch,
grain boundaries or lattice defects will be incorporated into the film,
unless the islands coalesce to form a single grain. This latter phenom-

enon is indeed frequently observed, even if the two initial nuclei are

12



in completely different orientations (Reference 2-8). Observation of
defecﬁs introduced during the growth of evaporated-metal films became
possible with the application of the electron microscope to problems of
thin-film structure. Thus, even in polycrystalline film a recrystal-
lization process occurs continuously, at least during the early stages
of formation of films, resulting in a number of grains per unit area
which is much less than the density of initial nuclei. Sooner or later,
however, a large number of defects is incorporated when these grains

drow together, even in single-crystal films grown epitaxially.

Usually, single-crystal films were studied to observe the defects
since such films display their defects more clearly than polycrystalline
deposits. However, the types of defects observed in these films and
their mode of formation are probably typical of what might be found in
any evaporated film, single crystal or not, with the possible exception
that stacking faults and twin boundaries probably occur much less fre-
quently in fine-g:ained polycrystalline films than in single-crystal
films, and that the grain-boundary area is much larger in polycrystal-

line films.

According to the laws of thermodynamics, all crystals contain an
equilibrium number of vacancies in the lattice at any finite temperature.
The reason is that an atom has the choice of two energy levels in the
crystal. The lower energy state occurs when an atom is in thé interior
and all the valences are satisfied. The higher energy state occurs at
the surface where all the valences are not satisfied. Consequently, the
number of vacancies increases with temperature since the probability
that an atom will be in the higher energy state by diffusing to the sur-
face rather than in the lower state in the interior is given by the
Boltzmann factor. Thus, a certain number of vacancies will form during
the formation of the film, depending on its temperature. Due to the
somewhat imperfect method of producing vacuum-deposited films, which
corresponds roughly to quenching from the vapor phase to the solid, the
number of vacancies may be considerably larger than the room temperature
equilibrium value. When the film cools, ali of the excess vacancies
cannot collapse since this causes the film to shrink—an effect opposed

by the bonding to the substrate; this situation leads to stresses in the
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film. Thus a large number of vacancies may become locked into the film.
The stress may already be large anyway because of the tendency of the
crystallites to flow into each other, when they first touch during
growth, thereby reducing their surface energy. The fact that they are
bonded to the substrate restricts their movement, and considerable
stress results., The large number of vacancies in a vacuum-deposited
semiconductor film can dominate its electrical properties, since vacan-
cies can ionize and act as donors or acceptors.

The most frequently encountered defects in evaporated films are
dislocations. A density of 1010 to lO11 lines/cm2 is frequently en-
countered. Most information about dislocation in evaporated films comes
from electron microscopic¢ investigations of films of face-center cubic
metals. There are six mecharnisms by which dislocations can be formed in

such films during growth:

1. Wwhen two islands whose lattices are slightly rotated relative
to one another coalesce, they form a sub-boundary composed of

dislocations (Reference 2-7).

2. Since the substrate and film usually have different lattice
parameters, there will be a displacement misfit between is-
lands. Dislocations can result from this misfit when islands

grow together.

3. Stress present in continuous films can generate dislocations
at the edges of holes usually present in the earlier stages of

film growth.

4. Dislocations ending on the substrate surface may continue into
the film.

5. When islands containing stacking faults bounded by the sur-
faces of the island coalesce, partial dislocations must now

bound these faults in the continuous film.

6. A dislocation network may be set up at the interface between

film and substrate to relieve the strain.

For greater film thickness, there is evidence of longer disloca—

tion lines running parallel to the film plane. If the dislocation

14



density is measured during film growth, it is found that most disloca~-
tions are incorporated into the film during the channel (or network) and

the hole stage.

The displacement-misfit mechanism is responsible for many of the

dislocations at this stage of growth.

Stresses in the growing film and resulting plastic deformation are

résponsible for multiple incipient dislocations observed in holes.

It is considered that plastic deformation is the most probable ex-

planation of the multiple incipient dislocations observed in holes.

The minor defects observed frequently in deposited films include
dislocation loops, stacking-fault tetrahedra, and small triangular de-

fects. Dislocation loops may be as large as 100 to 300 .

A large number of vacancies can be introduced into deposited films
during preparation for two reasons. First, the effective temperature at
which impinging atoms freeze into the lattice is probably considerably
higher than the normal substrate temperature. Second, metal films are
often formed by a rapid condensation in which a deposited layer of atoms
is covered by succeeding layers, before reaching thermal equilibrium

with the substrate. 1In this way, many vacancies can become trapped in
the film.

Dot-like features are often observed in electron micrographs of
evaporated films, They are believed to be either unresolved dislocation
loops, vacancy aggregates, or aggregates of impurity atoms trapped in

the film during preparation.

The interpretation of the formation of minor defects by vacancy or
interstitial condensation is somewhat in doubt, since features can be
formed in the specimen while it is being observed in the electron micro-
scope, because of bombardment by negative ions originating in the elec-
tron gun (Reference 2-7). There is no conclusive evidence of any de-
fects arising from point-defect aggregation. This is not a surprising
situation, since the mobility of point defects at the temperature of
formation of many films will be sufficiently high to allow the vacancies

and interstitials to escape to the film surface. However, films formed

15
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under conditions where the point-defect mobility is small might be ex-~

pected to contain impurities due to point-defect aggregation.

In general, a thin film will possess a larger grain-boundary area
than bulk materials, since the average grain size will generally be
smaller. In the extreme case of very low surface mobility, the grain
size of the film may not be much larger than the size of the critical
nucleus. However, the islands will be much larger when they touch. The
grain size depends on deposition conditions and annealing temperature,
as indicated schematically in Figure 2-6. The common feature in the be-
havior illustrated in Figure 2-6 is that the grain size saturates at
some value of the deposition variables. With film thickness as the
deposition variable, this means that new grains are nucleated on top of
the cold ones after a certain film thickness has been reached. Nuclea-
tion df a new grain may become necessary because of a layer of contami-
nation<m§king coherent growth with the grain below impossible, or if the

top surface of the grain below is a nearly perfect close-packed plane.

Larger grain sizes are natufally expected for increasing substrate
or annealing temperature because of an increase in surface mobility,
thus allowing the film to decrease its total energy by growing large
grains and also decreasing its grain boundary area. Under a kinetic
regime, the fastest growing crystai planes will grow at the expense of
the slower ones, thereby leading to large surface roughness. These sur-
face structures are to be expected at higher substrate temperatures.

Low temperatures, on the other hand, lead to small grain sizes. The
formation, étructure, and annealing of films of very small grain size
have been described by Buckel and Monch énd coworkers (References 2-10
and 2-11), amiSuhrmannand Schnackenberg (Reference 2-12). An amor-
phous or liquidlike structure has been obtained only if large amounts of
impurities are codeposited to inhibit grain growth (References 2-13,
2-14, and 2-15). However, it is significant that even at the lowest
substrate temperatures explored so far, in the liquid helium temperature
region, metal deposits are still found to be crystalline and therefore
possess a small but finite crystal size. The dependence on deposition
rate is less obvious but can be rationalized on the basis that film

atoms just impinged on the surface, although they may possess a large
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surface mobility, become buried under subsequent layers, at high deposi-
tion rates, before much diffusion can take place (Reference 2-9). 1In
order for this effect to operate, a certain minimum rate must be ex-
ceeded. Below this threshold rate, grain size is limited by temperature
only; above it the grain size is decreased more for higher rates. Dur-
ing the formation of a semiconductor film, and also during any subse-
quent annealing, any impurity atoms in the crystallites which do not fit
into the lattice may diffuse out and remain in the grain boundaries
where the packing of atoms is necessarily less compact. Moreover, the
lower packing density of atoms in the grain boundaries and their great
freedom of movement provide paths for diffusion of impurities from the

external environment.

If the electron concentration is L in the crystallites and ny
in the boundaries, then the difference in concentration leads to a po-

tential barrier of amplitude ¢, given by

as in a conventional p-n junction diode. However, it is not necessary
for the region in the grain boundary to be converted from n- to p-type
conductivity. The differences in effective donor concentrations are
sufficient to set up a potential barrier, as in an n-n* junction which
does in fact rectify in the same manner as a p-n junction, except that
the backward resistance is relatively low. Thus the grain boundaries in
conjunction with the crystallites on either side of them behave in a
manner similar to back-to-back p-n junctions, one of which is always
back biased, irrespective of the direction of the applied potential dif-
ference, and conseqguently opposes the flow of current. The structure of

the film is shown in Figure 2-7.

The additional resistance introduced by the boundaries is not at-
tributed to the ohmic resistance of the boundaries themselves, since the
proportion of the total volume they occupy is negligible. 1In fact, if
the resistivity of the crystallites is decreased by increasing the donor
concentration, the resistance of the semiconductor could increase be-

cause of the resultant increase in barrier height. Since the resistance

18



Low Carrier Concentration |
/ /—Hiqh Carrier Concentration

Figure 2-7. Schematic Drawung of Grain Boundarles
' Between Crystallites

of the junction is nonlinear, the current density J in the barrier var-
ies with the potential difference Vj applied across the junction in a

similar manner to the current in a p-n junction, which is given by

J « exp( ey 1l - exp( k'I?)

Total film energy can be minimized by keeping the surface area as
small as possible, i.e., ideally flat. A certain surface roughness, and
therefore an increased surface area, must be expected because of the
randomness of the deposition process. If atoms stick where they impinge
on the substrate without subsequent surface diffusion, then statistical
fluctuations in the local film thickness will result. The average thick-
ness deviation Ad from the average film thickness d is‘given by
Poisson's probability distribution of a random variable (Reference 2-16)

and reduces to
Ad = V/d

Thus the surface roughness, and therefore the surface area of such a

film, increases with the square root of the film thlckness.
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surface migration can lead to less surface area by filling in the
valleys and leveling the peaks to give a lower surface energy. If depo-
sition occurs in a system in which the residual gas pressure is high
enough for condensation of the vapor atoms into small smoke particles,
then a very porous structure with a very large internai surface area
must be expected because of the loose packing of the particles on the
substrate, leaving much empty space. This is particularly true if the
substrate.temperature is so low that a substantial'ﬁearréngement of the

atoms after deposition is unlikely,

Surface Scattering

The scattering properties of the surface are different from thdse
of the interior because the surface represents a gross discontinuity in
the structure. In addition, it may contain a ngmbér of occupied surface
states or traps which act as charged scattering‘centers and scatter more

strongly than does the lattice.

When the film thickness is much greater than the mean free path
(averaée distance between collisions at which deflection of the carriers
occurs) mos£ of the collisions are with' scattering centers in the inter-
ior of the film. However, when the film thickness approaches the dimen-
sions of the‘mean free path, the ﬁajority of carriers in the film are
constrained nearer to the surface; thus scattering of carriers by the
surface becomes more frequent. Since the sdrface scatters more strongly
than the interior, the cafrier mobility decreases with decteasing film

thickness.

‘Since the concentration of injected electrons in a thin-film
transistor is, in general, largest at the surface of the semiconductor
because of the formation of a surface channel, intercrystalline barrier

modulation is restricted to the surface layer.

Apart from the intercrystalline barrier modulation, mobility modu-
lation is attributed to a change in the number of effective scattering
centers. A positively ionized charge center, i.e., a structural defect,
ionized dono¥, or other impurity, acts both as a powerful scattering
center and as a trapping center. If part of the injected charge is sac-

.rificed by neutralizing such positive scattering centers, the resultant
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decrease in the modulation may be more than compensated for by the in-

crease in mobility.

Electron Beam Evaporated High-Mobility InSb Thin Films

Vacuum deposition methods utilizing evaporation continue to re-
ceive considerable attention from workers interested in exploring basic
formative processes and physical properties. Also, the prospect of ul-
timately fabricating passive and active componetits in integrated cir-
cuits by compatible techniques continues to excite growing interest in
the extended application of newer evaporative approaches. The range of
potentially useful semiconductor materials is now extremely wide, and
their marked differences in physical and chemical properties have made
it necessary to devise a variety of vacuum techniques, each suited pri-
marily to the deposition of films of one class of substances. These
vacuum deposition methods have been applied thus far to the growth of
elemental and compound semiconductor films. Particularly, at The Uni-
versity of New Mexico, new thin-film vacuum deposition technology for
the compound materials has been developed using an electron beam source
which is not known to the compound semiconductor workers - (References
2-17, 2-18, and 2~19),.

Semiconducting materials display an extremely wide range of vapor
pressures, and therefore a corresponding variation in the ease with
which they can be vaporized to form thin films. From the treatments of
Dushman (Reference 2-20) and Holland (Reference 2-21), the rate of va-
porization Ne for an element is given by the expression

= 3,513 x 1022 alPe/(IJIe'I‘e)l/2 molecules/cmz—sec (2-1)

=1
I

where

[
|

1 an evaporation coefficient which is equai to unity with a

clean evaporant surface

L]
l

vapor pressure

-3
1]

temperature
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M.e = atomic weight

In standard as well as in more complex methods of evaporating semicon-
ducting films the background pressure in the system and the source de-
sign play a vital role. These factors not only affect the vaporization
rate, but also, through chemical reactions during evaporation or conden-
sation, can modify profoundly the structural and electrical properties
of the film. Depending upon the type of pumping system used, the am-
bient in which evaporation is carried out will contain a variety of gas-
eous impurities. Mass spectrographic analysis commonly shows the re-
sidual background gases to be composed of H

0, C02, 02, N H., and var-

2 2" 72

ious organic vapors, e.g., CH These impurities arise from desorption

from the chamber walls, decom;osition of pump oils, and outgassing from
elastomer or synthetic rubber seals (Reference 2-21). The equation ex=-
pressing the rate at which such gas molecules strike the substrate sur-
face takes essentially the same form as Equation 2-1 above, i.e.,

Ng = 3.513 x 1022 Pg/(Mng)l/2 molecules/cmz-sec (2-2)

where g means gas.

4
in Equation 2-1 by a geometrical constant. Thus from Equations 2-1 and

2-2,

The rate N_ at which the evaporant is deposited is related to Ne

Ng (Pg}
—2 = (—=Z\x
N Pd

where

K = constant whose value depends among other things upon the geom-

etry of the source-substrate arrangement.

It is clearly desirable to keep the ratio Ng/Nd negligibly small, and
this is only achieved by using low pressures (< 10_8 torr) or high depo-

sition rates.
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Vacuum Evaporation Methods

Earlier expeériments in the vacuum evaporation of semiconductor
elements and compounds involved the use of resistively heated sources
almost exclusively, and these are still in vogue. Some of the more suc-
cessful source materials, chosen so as to minimize chemical interactions
and hence contamination of the f£ilm, are W, Mo, C, Ta, sioz, and A1203,
Although some materials such as Mo, Ta, and W may be relatively stable

in good vacuum, the presence of reactive gases, .e.g., H, O or 02, nay

lead to the formation of volatile metal oxides which arz incorporated in
the grown film. It is now widely recognized that an effective solution
to this problem is to use a crucible-free or cold-crucible source in
which the evaporant is heated by electron beam bombardment. If the sem-
iconductor is contained in a well-cooled crucible of high thermal con-
ductivity, it may be melted‘by means of electron bombardment without the
occurrence of chemical interaction at the semiconductor-crucible inter-
face. To reduce the relative importance of gaseous contaminants and of
interdiffusion and to achieve rapid fabrication of active devices on a

competitive commercial scale, it is desirable to deposit films at rates

in the micron per minute range.

A multisource deposition (three~temperature deposition) and a
flash evaporation method are commoﬂly applied for the deposition of com-
pound films. Control of the incident fluxes and condensation conditions
at the substrate is obtained by means of a three-temperature deposition
method, whereby the temperatures of the source for elements A and B
{(e.g., In and Sb) and of the substrate are separately adjusted. For a
compound which dissociates on evaporation and loses its most volatile
components first, the flash evaporation method is used to grow stoichio-
metric films, which fulfills grain-by-grain vaporation of the compound
using an arrangement of the type shown by Richard (Reference 2-22). Im-
purities required for n- or p-type doping of the films may be introduced
into the compound powder charge. However, it is necessary to employ
granulated charges of the compounds themselves or mixtures of these; the
low-melting~point group IIT elements (e.g., In) are often not physically

amenable to being evaporated as powders.
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The electron beam deposition method which was recently developed
at The University of New Mexico is so powerful that for the InSb films

78,500 cm2/V—sec of mobility can be obtained.

Vacuum Deposition by Electron Beam Source

It is known to the III-V compound workers that vacuum déposition
by an electron beam source cannot be used for the volatile III-V com-
pound materials because the quick evaporation of group V elements com-
pared to that of group III elements results in the group III elements
being left in the crucible. Even if for the first stage of evaporation

a stoichiometric film can be attained, much costly material is lost.

In this laboratory, the vacuum deposition by electron beam gun in
the Drivac system (which does not use a pumping oil) becomes possible by

modifying some of the factory-recommended operating procedures.

Instead of using the built-in copper crucible in the electron beam
gun assembly, a trimmed molybdenum boat charged with the compound mate-
rial powder (InSb) is put above the cold copper crucible as shown in

Figure 2-8. This setup sacrifices one of the advantages of the electron

B - FIELD ELECTRON TRAJECTORY

CD ROTATING SHAFT

TRIMMED MOLYBDENUM BOAT
b///—— SOURCE MATERIAL

BEAM
FORMER

(ELEMENTALS)
ELECTRON
:‘IOIETSENT POWDER ]_____: —
(CATHODE OF COMPOUND EMPTY SPACE ,
f i COOLING WATER
- + COPPER ANODE
1 - (CRUCIBLE)

HIGH VOLTAGE

Figure 2-8. Electron Beam Source and Setup
for 111-V Compound Deposition

beam source, which is the water-cooled cold crucible; however, it is an

excellent method of producing high-mobility thin films economically.
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About 40 depositions of InSb films, each requiring only a few grams of

compound powder, have been made with the original molybdenum boat.

The following shows the method of preparation of high-mobility
InSb thin films.

1.

2.

‘ -7
Pump the system to a pressure of 3 to 10 x 10 torr.

Outgas the substrate while pumping by increasing the substrate

temperature to 400°C.

Stabilize the substrate at a temperature between 250 and 300<C.

Evaporate the compound powder using the electron gun, main-

taining a deposition rate of 10,000 A/min or faster.

Oxidize the deposited films in an air oven at 250-C for 20 to

30 minutes.

Recrystallize the films with the oxide surface in a tube fur-
nace which has a uniform 5- to 10-inch heating zone. Argon 1s
passed over the sample at a rate of 2 liters/min. The re-
crystallization temperature should always be between 522 and
536°C. Time varies from run to run, but about 3 minutes gives

good results.

Experimental Results

Significant improvement of the InSb thin-film mobility was at-

‘tained using the electron beam evaporation technique developed at The

University of New Mexico, followed by recrystallization of the thin film,

Mobility values obtained by several authors are shown in Figure 2-9 for

comparison. Radiation effects will be discussed in Chapter III. The

experimental and evaluation procedures are detailed in Appendixes B

and C.
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CHAPTER III

RADIATION EFFECTS ON HALL AND MAGNETORESISTANCE DEVICES
OF InSb BULK AND THIN FILMS

The Hall Effect

The Hall effect is one of the most important features for deter-
mining carrier concentration and carrier mobility of any conducting ma-
terial. It has affected detailed semiconductor studies, particularly
the determination of low-temperature carrier concentrations. The slope
of the carrier concentration versus reclprocal temperature curve is re-
lated to the lonlzatlon energy of the electrlcally active impurities in

extrinsic semiconductors (References 3-1, 3-2, and 3-3).

3 T 2, \44
w "’”/16*
/ g
~
\1-")* t L1
L d- '

Figure 3-1. Rectangular Hall Effect Device

The basic principles of Hall effect are illustrated by application
of the Lorentz force to moving charges in a free-electron system (Figure
3-1). The total force on a charged particle in an electric and magnetic

field is given by the vector eguation
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- > >
= e[E + V x B]

where
>
F = force
e = electron charge
s R : .
V = velocity of the particle
+ 0 0]
E = electric field
P-) L} .
B = magnetic flux density

If a rectangular slab with a current Ix in the x~direction is in~
serted in a uniform magnetic flux density Bz in the z~-direction, then an
electric Hall field Ey {or Hall voltage VH) is developed in the y-direc-
tion until the force which it exerts on a .charged particle counterbal-
ances that resulting from the magnetic field. Then subsequent particles
of the same charge and velocity are no longer deflected, and a steady

state exists., The Hall field can be expressed as

JiBz 1 > >
E = = -—(J X B) =— (B xJ)
y en en y .en y
where

Jx = electric current density in x~direction
J = env

x X
Ve T velocity of particles in x-direction
Bz = magnetic £lux density in z-direction

Now the Hall coefficient RH is defined by the ratio Ey/Jsz

R = y = -l— (3_1)

and
RH > 0 for conduction by holes

R_ < 0 for conduction by electrons

30



In a real semiconductor, the idealized free-particle treatment no
longer applied; therefore, the distribution of velocities and the inter-
action of the charge carriers with impurities, defects, and lattice
thermal vibration of the semiconductor must be taken into account. Con-
sidering most of the complexities just mentioned, an expression similar

to Equation 3-1 is obtained as

where
r = Hall coefficient factor

The parameter r depends on the nature of the scattering, the band struc-
ture, the magnetic field strength, and on the statistics characterizing
the distribution of velocities of the carriers. Smith (Reference 3-4)

expressed r as

r = <T2> _ Hall mobility _ My _ RHB—>O

<I>2 conductivity mobility !

R
HB->x

where

T = relaxation time due to scattering or mean free time between
carrier collisions, which depends on the carrier energy, e.9g.,

for semiconductors with spherical constant energy surfaces
1/2

3/2

T ~E for ionized impurity scattering

T ~ E for phonon scattering

. ~S
and, in general, T = aB where a and S are constants

For the phonon scattering, the ratio r is
~ 1,178

For the ionized impurity scattering,

_ 315m
r = 513 1.93
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In moét'cases,“ite-value differs‘frOm unity by less than _50”percent.

The fact that r approaches unity 1n the limit of strong magnetlc flelds

prov1des a means for experlmental determlnatlon if measurements can be

made -into the strong—fleld limit. . Another polnt to note is that r is
ltunlty for’ very 1arge carrler concentratlons-—l e., 1arge degeneracy.

Those charge carrlers w1th velocity in the nelghborhood of the’ Fermi

velocity contrlbute 51gn1flcantly to conductlon and the characterlstlcs

of the single-velocity picture are obtained (Reference 3-3).

From Figure 3-1, the Hall angle can be defined as

-1 5 | |
8 = tan = - | (3-2)
) X

Thus the Hall effect can be described as a rotation (8) of the electric
field—a concept which is very useful. The rotation>aspect of the Hall
effect is also brought out by considering the components of the conduc-
tivity tensor, which relate electric current densities and fields. For

the boundary condition that Jz = 0, we have

J =0 E 4+ 0 E
X XX X Xy y
J =-0 E + 0__E
v Xy X XXy ‘ ' (3-3)
J =0
zZ
Since
I o o o |[E
x XX . XY Xz x
J = |go ) c E
b YX Yy yz - y
J o o 4] E
A ZX zy . ZZ z

The above equation holds for media of sufficient symmetry that cxx = oyy

and 0__ = Oz = Oz = 0. This is satisfied in isotropic media, and it
also holds for a cubic system when the ‘coordinate axes are along the

cube axes. For certaln symmetric conditions,
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GXY(B) = -ny(B) : (3-4)
Although the validity of the relation (Equation 3-4) is dependent on a
certain symmetry in the solid, it should be pointed out that the general
Onsager relationships (Reference 3-5) are applicable to the elements of
the conductivity tensor, regardless of the degree of isotropy of the ma-
terial, yielding the general relation

;g (B) = Og; (-B)

Two useful items of information follow from the above Onsager relation.

1

035 (B) = 04, (-B)

-0 ___(=B)

GXY(B) Xy

That is, the diagonal elements of the conductivity tensor contain only
even powers of B; the off-diagonal elements, in the case of adeguate

symmetry, contain only odd powers of B. Since the boundary conditions
for Hall coefficient measurement require that Jy vanish, it is derived

from Equations 3-2 and 3-3 that

= g tan0 (or tanf = —EZ)
XX o]

ny
XX

Also, from the definition of the Hall coefficient as given by Equation

3_1 ’

Q

- Xy 1 -
™2 3 (3-5)
[s) Z

XX

in weak magnetic fields.

The conductivity mobility is related to the conductivity ¢ by
b= (3-6)
in the case of conduction by a single type of carrier.
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The Hall mobility is defined as

My = t;:ﬁ = RHo (ox ;ane = uHBz) _ (3-7)
Now, it can be seen that the ratio of Hall mobility and conductivity mo-
bility is precisely the Hall coefficient factor r. Also, from Equation
3-7, it follows that the Hall angle is proportional to the mobility as

well as to the magnetic field. Therefore, to achieve large Hall effect
or magnetoresistance effect at a reasonable magnetic field, materials

with large charge~carrier mobilities must be favored. It is convenient

to express the magnetic field conditions as

BB << 1 for weak magnetic field
wB > 1 for strong magnetic field

For a rectangular semiconductor slab, as shown in Figure 3~1, the

Hall field is expressed as

I Bz ¥ (P - nb?)

E = (3-8)
¥ (P + nb)?
where
J = OE
X X
J =3 +J, +0E =0
y ye vh y

= +
) e(nue Puh)

. _ Yun  Mme
rEaT e
h e
u
bz —
Mn

The Hall voltage is

34



IB 2
X zr bn-~=~

V. = (3-9)
H ed (bn + l?)2
where
Ix = current flow in the x-direction
d = slab thickness

and the Hall coefficient is

r P - b2n'

R = 3
2 (p + bn)

H (3-10)

For an n-type semiconductor, n is greater than P and

= - X
T Ten

For a p-type semiconductor, P is greater than n and

In InSb, the n-type is particularly important so that some of the

useful expressions will be calculated as

Iszr
VH - end (3-11)
Iszr .
n = (3-12)
edVH
c = enue (3-13)
) VHdo : (314
MHe T B I ‘
Z X

The value r corresponds to the ratio of Hall to conductivity mobility

and is expressed as
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_ Ru(s+0)
r = H(B0)
R (B+0)

The net donox concentration} ND - NA' has been calculated in all cases

from

to eliminate uncertainty in scattering (Reference 3-6). Similarly the

Hall mobility defined by uHe = OOR 0 has been calculated using the weak

H
field Hall voltage from

v
- H(BX0) (In1 -
Yge ~ TV (W)B (3-15)
ab z
where
ab = applied voltage measured between potential probes a and b

£\
N
il

length-to-width ratio

Secondary effects considered in the interpretation of DC Hall ef-
fect measurements are the transverse magnetoresistive effect, the Nernst
effect, the Ettingshausen effect, and the Righi~Leduc effect. The
transverse magnetoresistive effect is an increase in the resistivity due
to the curvature of the trajectories of the charge carriers and, thus, a
net increase in the average drift distance along the direction of cur-
rent flow between successive collisions, when the current-carrying slab
is placed in a transverse magnetic field. The magnetoresistive effect
can be compensated for by maintaining constant current through the slab.
The last three effects are thermomagnetic ones which are due to thermal
gradients in the Hall slab (References 3-1, 3-7, 3-8, and 3-9). These

four effects are normally small; therefore, they will be ignored.

Sheet Resistance and Resistivity

The resistance of the slab is defined by
N 2 AR
R = p’fv)-,’) a
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If L = W, this then becomes the sheet resistance,

R =2

o g in ohms per sguare

so that the resistance RS of one square of film is independent of the

size of the square and dependent only on resistivity and thickness. If

the thickness is known, the resistivity is readily obtained from

Probes

Sample

Figure 3-2. |In-Line Four-Point Probe

In-Line Four-Point Probe Method ~- The most common four-point

probe method is the in-line type illustrated schematically in Figure 3-2.

The resistivity for semi-infinite volume (Reference 3-10) is given by

-V 27
S S S S
21 23 21 + 22 22 + 23

If the material on which the probes are placed is an infinitely thin

slice resting on an insulating support and ll = 22 = 23 = {, then the
resistivity becomes
_v.md _ A'A _ -
P =T Tnz " 4.532(3)a (3-16)
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Hence, the sheet resistance is expressed as
. o .
R, = 4.532(5) | (3-17)

Although Equations 3-16 and 3~17 are independent of the probe spacing,
the resolution of any particular probe will depend on spacing. Thus, a
probe of spacing £ centrally located inside a square of film measuring
64 x 6% will give a reading that is about 20 percent too high if the
square is surrounded by an insulating film and about 10 percent too low
if it is sur{ounded by a film of infinite conductivity. More exact cor-

rections for edge effects are described in Reference 3-10.

Square Four-~Point Probe Method -- In a case where very high reso-

lution is needed, a square-probe array such as shown in Figure 3-3,

_______________ /

Figure 3-3. Squafe Four-Point Probe

rather than a linear one, may be used. To use such a probe, current I
is fed through any two adjacent probes and the voltage V generated
across the other two is measured. The resistivity and sheet resistivity

are given by

= 2mdVy v -
= =5 I) 9.06d(I) | (3-18)
v ,
R, = 9.06(7) (3-19)
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For very small probes, the average of two independent measurements using
different pairs of current probes may be utilized. It is estimated that
by this means a probe whose geometry deviates from a squafe by about 7

percent can be made to read to an accuracy of about 1 percent (Reference

3-11).

A flat disk of arbitrary shape with contacts 1, 2, 3, and 4 in
successive order fixed at arbitrary places alqng the circumferences is

considered and shown in Figure 3-4 (Reference 3-12). A resistance

ouT

Figure 3-4. Disk of Arbitrary Shape

R.l2 34.is defined as the potential difference V34 between contacts 3 and
r’

4 divided by unit current through contacts 1 and 2. Similarly the re-
sistance R23 41 can be defined as the potential difference V41 between
contacts 4 and 1 divided by unit current through contacts 2 and 3. The

resistivity of the sample as derived by van der Pauw is then

ra T12,3¢ T Rz a1

= n2 2 £(Ry;,34"R23,41)
, . ‘o R . e th
where £ is a function of the ratio 12'34/R23,41 only and satisfies e
relation :
. in2
Ri2,3a ~ Raz,a1 -1 S¥PU%
f = cosh >

Ri2,3a ¥ Ba3,41

For the square geometry, the resistivity becomes
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wd

P = n2 Fi2,34 (3-20)
since £ = 1 and R12,34 = R23’41 for the square geometry.

Four-Point Probe Hall Effect Device

The Hall mobility can be determined by measuring the change of the
resistance R24 13 when a magnetic field is applied perpendicular to the
’
sample, as shown in Figure 3-4 (Reference 3-13). The Hall mobility is

then given by

a1
Mg = B 5 %R4,13
A
where
AR24'13 = change of the resistance R24’13 due to Bz

= Rya,13(B;) 7 Rag,13(0

For the square geometry, the Hall mobility is expressed as

(BV,4715 3)

L= 0.221
Ho B, >(V12'/I34)
= R = = - = AV =
If I, = 15,,V,, (y12 F Vg ok Vo, ¥ v4l>/4 Vv, and v, A\HC’
Vv, (B)) - V (0), then the Hall mobility is given by
AV
b= 0,221 30 x 10 om?/V-sec (3-21)
z O )

2
f i V.. i .
or Bz in Wb/m~ and A Holn volts

Five-Point Probe Hall Effect Device

The Hall mobility of the five-point probe Hall device shown in
Figure 3-5 is calculated by using the formula (Reference 3-13) from

Equation 3-15

w = (o | (3-22)
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The Magnetoresistance Effect

When a current-carrying rectangular slab is placed in a transverse
magnetic field, the resistance (or resistivity) of the slab increases
monotonically with increasing value of Bz, due to the curvature of the
trajectories of the charge carriers. This is known as the transverse
magnetoresistance effect. The transverse magnetoresistivity of a solid
is defined as Ex/Jx for the standard geometry of Figure 3-1. 1In princi-
ple, the resistivity is independent of the magnetic field; however, ex-
periments generally show a resistivity which increases as the magnetic

field is increased (Reference 3-14).

The calculation of the magnetoresistance is somewhat complicated;
however, the magnetoresistance of a rectangular isotropic slab was de-
rived by Lippmann and Kuhrt (Reference 3~15) by conformal mapping and

boundary value problem approach in terms of Hall angle, the resistivity
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in a magnetic field, the corresponding resistivity in zero field, and a
function of g(L/W), evaluated numerically and graphically. To derive
the magnetoresistance coefficient, the following differential equations

for the complex planes must be solved using the boundary conditions,

E 24
tane = ——.}_{. = - ._?-{-.
E, 3
W dy
e ) - !
x5 o (3-23)
tanb =

ORHB

Because the conformal mapping is a standard method for solving boundary
value problems in potential theory, the x-y coordinates in Figure 3-6
are transformed into the complex z-plane (z = x + iy) in Figure 3-7, the
z-plane is transforméd into the simple r~plane (¢ = £ + in) in Figures
3-8 and 3-9, and then the r-plane is again transformed into the w-plane

(w=u+ iv) in Figure 3-10.
The boundary conditions are

1. Inside the slab,
A¢ (XIY) =0

2. At electrodes,

d{x,0) =V
$(x,L) .= 0
3. TFor the regions -(W/2) f_x §_+(W/2) and v = 0,
-l <Eg<+1 and n = 0
4. For the regions -(W/2) < x < +(W/2) and y = L,
Legce
—oo<£<—1'- and n = 0
-> ="k
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Electrode, $(x,L)=0

Electrode, ¢(x, 0)=V

4

Figure 3-6. Electrodes and Geometry of a Rectangular Slab

iy
A
. Z-plane
W W
Z3=—§+|L 7 22-2+|L
4
O] o/ A -
‘ )
W..L| W,. L
--2—+|E E'-H-z—

N
A
1
NjE
o &
_N
N|E

Figure 3-7. A Rectangular Slab Transformed into z-plane
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Figure 3-8.
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Figure 3-9.

Sketch of Field Lines in the z-plane
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Figure 3-10.
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Field and Equipotential Lines in the w-plane
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where
k = parameter decided by the geometry

5. For the region -1 < £ <1,
v(§,0) =V

6. For the regions 1/k iVE < o and - < § < ~(1/k),
v(g,0) =0

7. For the regions -(1/k) < g ﬁ_Fl and 1 < & < 1/k,

(5]
<

1
|2

= O%B

Qo
un

From the solution to the above equation, the transverse magnetoresis-

tance can be derived as

1 2

v
R(B) = T do (B) cosel— (3-24)
where
1/k
\ ='f |E| cosBdE = cosbc'z
1
cl
=l - 1% 1%
2 2 .
1, 1
€ - 1@+ D] - e+ nE -9
17k E|lag .
z = [ -
1
+1 5 +1
I=d4af Jaf =do cos“8 [ |E|at
-1 -1
J = coselEld

N = fﬂ elag
-1 cl
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d

thickness of the slab

c' constant

For the cases of large L/W and small /W, the parameter k is given by

- & &

k=l-8e 2% foroc<Z<o.s
L
TG L
k=4c¢e for 0.85 f.ﬁﬂi o

The accuracy is 1 percent, and the relation between k and L/W is shown

in Figure 3-11.

1.0

K 06 ——

ISEEAN
N B AN

0.0 el
O 02 04 06 08

\\\

0 1.2 1.4 16 18 20

— (%)

Figure 3-11. k vs. (L/W) Curve

It is important to evaluate Equation 3-24 and discuss the expres-
sions derived from the above equations because they involve some of the
significant results. In order to discuss the magnetoresistance effects,
the magnetoresistance ratio r(B), the physical magnetoresistance ratio
r_(B), the total magnetoresistance coefficient (AR/Rb), and the physical

magnetoresistance coefficient (AR/RO) are defined as
p
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r(B) = R(0) (3-25)
_9(0) _p(® | )
¥ ®) = 5B T 5(0) | (3-26)
R(B) - R
AR _
(o] [o] :

ARy _ -1 = (b oay

(RO) =z (B) -1 (po (3-28)
b p

The r_(B) and (AR/Rb) are in general determined by the material proper-

P
ties but not by the geometry.

Magnetoresistance of the Square Geometry

For the square geometry, the length-to-width ratio becomes unity

and the k value is 3—/5; therefore, the magnetoresistance R(B) is

R T s
R(B) = EETET.'l + tan” ©
r(B) = Eﬁgi Y1 + tanZe

(AR) c(0) v 2

+ -
Rb 3 (B) 1 tan~ 6 1

For weak magnetic field 0 < 6 < 0.45,

g

r(B) = 5941 + %-62) (quadratic)
B

AFj (Ap) 1 0o 2

— = == + = —8

R.O po 2 GB

For strong magnetic field tant >> 1,

r(B) = OORHB (linear)
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Magnetoresistance for Low Magnetic Field (0 < 8 < 0.45)

For low magnetic field, the geometrYQdependent magnetoresistance

is expressed as

l L L
R(B) a'—B‘W—{l + 6 g(ﬁ)]‘
oé
r(B) = —{1 + 6 g(-—)}
0'B

(4]
AR o) 2_.L
(&) =6;{1+e giPt -1

where
g(%) = geometric function determined by conformal mapping
tan® = 6 for small ©

‘ = 25 = 2 -
If oo/oB = po/uB and tan®0 (uBB) (Reference 3-<16); then

r(B) = uo g(—ﬂu u_p2 (3-29)
uB W o B

ARy _ (A L 2 | B

(—~Ro) - (—_UB) + g H_HgB (3-30)

b

where (Au/uB) is a physical magnetoresistance coefficient (Ap/po)
P
which may be gonsidered negligible im small magnetic fields in compari-

son with the geometric magnetoresistance which is quadratic in B.

The geometric coefficient versus length-to-width ratio curves are
plotted in Figure 3-12. Particularly, if the ratio (L/W) approaches

zero, the magnetoresistancés,are equal to the Corbino disks.

U
r(B) = 21 + 8% | (3-31) °
n B
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Figure 3-12. g(L/W) vs. L/W for Weak Magnetic Field

(%E) = ‘ﬁﬂ) + uouBBz | (3-32)
(o] o} p .

and if the ratio (L/W) approaches =, the magnetoresistances are equal to

the values of the physical magnetoresistances.

uO
r(B) = r_(B) = — (3-33)
B
ARy _ (Le: -
&) = (p , (3-34)
[e) (o]
2

Magnetoresistance for Strong Maghetic Field (tanf >> 1)

For strong magnetic field the magnetoresistance is expressed as

1+ 2¢ ani ik

Ry = -1 2vk
dcyBmzl+2e: R,nl+k

1 -k

where
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With tan® = l/7¢,

R(B) = —-]-'-—(tane + iznl - k)

dog T2k

For me < 0,24, the error will be practically negligible.v

%W L
r(B) = E;{E-tanq + g(W)}
(ABJ =¥ s+ EE (Eq -1

R I.uo M g W
o} o

The relation between the geometric coefficient g(L/W) and ratio (L/W) is
shown in Figure 3-13. Particularly, if the rxatio (L/W) approacheé ©,

the magnetoresistance is expressed as

i

%, W 4
r(B) = —{1 + —(tand® - —4n2)}
g L om

AR A W Mo 4
B9 - (@) + B - 2 2une)

Hall Potentials

The Hall voltage can be calculated using the same conformal map-
ping as shown in the previous section for magnetoresistance . (Reference
3-17). The Hall voltage for the rectangular slab, illustrated in Figure

3-6, is given by

- L -
Vy = vaG(W,e) _ (3-35)
where
VHoo = Hall voltage when L/W ~
v _ RHIXB
Heo 4d
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Figure 3-13. g{(L/W) versus L/W for Strong Magnetic Field
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The weak and strong magnetic field effects (0 5_6 < 0.45 and tan6 >> 1)
are clearly illustrated by showing the geometric function versus L/W

with Hall angle in Figure 3-14.

1.0
) 0.8
G(%,e) 0.6
0.4
0.2
0
—_’%
\Y
G(%.0) = o+
w \/HCD

Figure 3-14. Geometric Function vs. Length-to-Width Ratio
with Hall Angle as a Parameter (Reference 3-18)

The Corbino Disk Magnetoresistance Device--InSb
Bulk and Thin-Film Magnetoresistors

The Corbino Disk Magnetoresistance

A sémiconductor disk with coaxial center and peripheral electrodes
has a circumferential current if it is subjected simultaneously to a
steady,'uniform, radial current and a transverse magnetic field. This
phenomenon was observed by Corbino in 1911. This is due to the short
circuiting of the circumferential Hall field induced in the disk by the
orthogonal electric and magnetic field vectors. The magnetic-field-
deﬁendent magnétoresistance of a Corbino disk can be interpreted theo-
retically in terms of the generalized Hall-Ohm equations (References

3-18 and 3-19).

> > -> >
E=pJ-R(JxB)
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> -> > ->
J = oE + oR (J x B)

Figure 3-15. Current Flows in the Corbino Disk

Expressing the above equations in cylindrical coordinates (Figure 3-15)
and solving for the field-dependent resistivity, the Corbino disk mag-

netoresistance is expressed as

GEQ = tanze = usz ‘ . (3-36)

.for a single conduétion band and a spherical energy surface of electrons.
The electron mobility u, can be determined directly by measuring‘the
(Ap/po)c versus Bi.( In practice, Equation 3-36 does not hold, particu-

-larly in a high magnetic field. Beer (Reference 3-19) found the follow-
ing relation to be in good agreement with experimental measurements.

G =[G -] e | G
o o o
c
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For two different conduction bands the magnetic-field-dependent DC
conductivity tensor must be used and the effective Corbino disk magneto-

resistance is expressed as

o o 2
2 1 2 "2y.2 ) 2
(ul g YW S )B + (.uluzB )
) - o °
o o o}
o 2¢.2 2 2 1
c  1rrlgrg)
o o)
where
o, = ol + 0, (effective zero field conductivity)

subscripts 1 and 2 refer to band 1 and band 2

Beer (Reference 3-20) has evaluated the above equation for the different
I

conditions as follows:

In InSb, the electron-to~hole mobility ratio is very large and defined

as

5;ldc

For a low magnetic field (ueB << 1),

[ ) 91T 2 2 (3-38)
c
In a stronger field region (ueB > 1),
Boy _ 91 2.2 | -
("-b)c = JgHmB +D (3-39)
In the very strong field (ueB >> 1),
Ap om 2 . '
( ) = 35 YeMn® (3-40)

Thus (Ap/po) fdllows a B2 dependence in low fields, drops below the/B2
c .
curve in higher fields, and eventually returns to a B2 dependence in

‘very high fields..
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Two-Layer Corbino Disk Magnetoresistance R
o™

Experimentally, it was found that deviations of the thin-film Cor- - .

e
bino disk magnetoresistance from a 32 dependence in a strong magnetic EE
field were evidence of the failure of the saturation of the ordinary )
magnetoresistance (References 3-18 and 3-20). The saturation of (Ap/po)C

in a high magnetic field is the presence of a thin low-mobility surface

layer in which electrons are subjected to strong scattering by surface-

related lattice imperfections. In addition, impurities localized on the
surface can be expected to produce a surface carrier density different

from that of the major volume fraction of the film. The electron mobil-

ity in InSb films less than 1 um in thickness decreases sharply with

thickness (References 3-6 and 3-18). In InSb films, the thinner film

data were given as ds = 200 to 1,000 ﬁ, Mg =500 cmz/V-sec,:n > lO17
cm-3, and n-type surface property. For these reasons, the two-layer

thin-film concept will be considered in the foilowing.

The radial and circumferential currents per thickness in a thin-

film Corbino disk are given by (from Figure 3-16)

d=d +dy

Figure 3-16. Thin-Film Two-Layer Corbino Disk
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i 2T
i 3, %44 (3-41)

.’.

lrs 27 l
a f Jrsrd¢ (3-42)
s 0
. r
i 2
$b _
db £ J¢bdr
1
. r
i 2
_9s _
a f4 J¢ dr
s rl

where
subscripts b and s refer to bulk and surface
subscripts r and ¢ refer to radial and circumferential components

Solving the above equations and taking the ratio of Equations 3-42 and
3-41,

2.2

i ,
LB7) (3-43)

— = §(1 + y
lrb

where

surface~like sheet ¢onductivity

6= bulk-like sheet conductivity

dscs - dspb

dbcb dbps

The magnetic field-dependent resistance and the magnetoresistance of the

thin-film Corbino disk are given by

2 2
xr 1+ uB
1 2 b
Re(B) = (2wdbcb)(2n17' : 232
1 1+ 81 + ubB )
(3-44)
1 2y 1
R = G ) ri
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252
(AR b
= ) = (3-45)

2.2
o) o 1+ 81 + ubB )

Equation 3-45 indicates evidence of saturation of (AR/Rb) in high mag-
c

netic fields. The required field Bsat for the onset of saturation can

be determined by taking the second derivative with respect to B of

®

(AR/Rb) , equating it to zero, and solving for the Bs
c

at
: 1. 1+ 8
Bsat = E; 38 (3-46)

Galvanomagnetic Coefficients of Two-Layer Rectangular Films

To obtain the galvanomagnetic coefficient of the two-layer Corbino
disk, a rectangular film on an insulating substrate }L/W > 3) may be
considered. For a single conduction band of electrons, a homogeneous
isotropic carrier concentration n and mobility U in the x-y plane of the
film, and respective z-dependent quantities ﬂ(z) and y(z) along the film

thickness d, the components of the current density vector are (Reference

3-18)
g
J = (E_ + uUBE_)
b4 1+ u2B2 Y
ag
J = ————(E -~ UBE )
v 1+ u2B2 b.4

from which effective conductivity Oeff' effective Hall mobility ueff'

and effective Hall coefficient R ot can be calculated.
0eff = Egiifd};xdz = ol + ueffBz)
X O
Meff = §_= -]]é‘taneeff N %[%)
By T2 : 2.2
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where

- __gdz
e ='"f T 22
ol + usB
_ 1 oudz
B = EI —=— 2.2
o l+ uB
eeff = effective Hall angle

If ub >> us and uzB2 << 1, then

_ gub ~ Ub

M = - =
eff 1+ g+ uiBz 1+ 86(1 + uiBz)

where
- b _ 1.
g::—':g‘
0]
s
% = 99y
g =o0.d
s s

= R
ff 2
“he R e

where

QIUF

Rap =

b

The physical magnetoresistance is
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Livised
P

2 -
g(ubB) B

[P

%.) = 2 2 2 &y
o o (L +9)° + B e

b

re
s
Since g includes a surface-layer sheet conductivity term, the surface
layer is responsible for a physical magnetoresistance component and for

a magnetic field dependence of the Hall coefficient.

Theoretical and Experimental Data for InSb Devices

Bulk Corbino Disk Magnetoresistance Devices

Given: At T = 80°K, M, = 300,000 cm2/V—sec, n=>5x 1014 cm-3,

RH = 13,750 cm3/coul, and ¢ = 21.8 (ohm—cm)_l.

At T = 300°K, u_ = 78,000 en?/V-sec, n = 2.22 x 10°° en”3,
RH = 310 cm3/coul, and ¢ = 252 (o'hm--cm)_l

(References 3-16 and 3-21).

The ratio pH/po versus B is shown in Table 3-1 (Reference 3-16).,

Table 3-1

Comparison of (pH/po) versus B

0 > B (KGauss)

H_ o

°c ¥m 0 2 4 6 8 10

Weiss and Walker 1.00 1.05 1.14 1.25  1.36  1.48
Simmons 1.00 1.04  1.10  1.20  1.34  1.49

The relationship between Corbino disk magnetoresistance coefficients and

magnetic field is shown in Figure 3-17.

Galvanomagnetic Coefficients of Bulk Rectangular Hall Devices

Given: L/W = 2 and 4
d =1 mm
I =50 ma
b'4

Since the analysis under the strong magnetic field introduces error, the
low field analysis is used and the Hall voltage will be calculated graph-

ically (Reference 3-17).
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A" = 15.5 x 10_3B in volts
Hoo

for L/W= 4 and B = 0,1 Wb/m2, the following coefficients are obtained.

310 cm/coul

oo,
|

H
-1
0 = 252 (ohm-cm)
My = 78,000 cmz/V-sec
> = 16 -3

2.22 x 10 cm

For L/W= 2 and B = 0.1 Wb/mz, Va is equal to 0,397 V, and results sim-

b B
ilar to those above were obtained. The Hall voltage curves for differ-

ent geometries are plotted in Figure 3-18.

Galvanomagnetic Coefficients of Square Hall Devices

Given: L=W=1ocm
=1 mm
I =50 mA
X

For Vo= 0.438 mv, V_ .= 1.55 mV, and B = 0.1 Wb/m2, the galvahomagnetic

HO

coefficients are obtained.

c = 252 (ohm—cm)_l
dAv

R_= HO _ 310 cm3/coul
H BI
x .
— — 2 —
By = GRH = 78,000 cm” /V-sec
<n> = 1 2.22 x lOl6 cm_3
eRH

The Hall voltage curves are plotted in Figure 3-18.

Galvanomagnetic Coefficients of Two-Layer Rectangular Films

. -1

- = o = - =
Given: At T 3 300°K, oeff 200 (oh? cm) T, Mg 66,000
cm”/V-sec, RHeff = 330 ecm™ /coul, L/W =4, 4 = 4 um,

ds = 0.1 um, OS = 234 (ohm—cm)-l, u_ = 1,000 cmZ/V—sec,

RHs = 4,28 cm3/coul, n_ = 1.605 x 1018 cm_s,
Ix =1mA, g= 33.33 and ub >> us (References 3-18,
3-22, and 3-23).
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In the low magnetic field region, the following coefficients are ob-
tained from the experimental measurement of the Hall voltage.

. 195 (ohm-cm) T

Q
!

= 68,000 cm2/V—sec

=
|

-

349 cm3/coul

1.97 x 107 om™3

A

s
v
[}

The curves for the physical magnetoresistance versus magnetic field are

plotted in Figure 3-19.

Galvanomagnetic Coefficients of Two-Layer Corbino Disks

1

i . = o i = = - - =
Given: At T 300°K, db 3.9 um, ob 195 (ohm-cm) ~, RHb16 34?3
cm” /coul, Mep = 68,000 cm?/V-sec, n = 1.97 x 107 cm 7,
dS = 0.1 um, Oé = 234 (ohm—cm)-l, RHs = 4,28 cm3/coul,
ues = 1,000 cmz/v-sec, nS = 1.605 x 1018 cm-3, and

§ = 0.03 (Reference 3-24).

The saturation value of the magnetic field is obtained using Equation

3-46 showing Bsa = 4,96 x 10_l Wb/mz. The magnetoresistance coeffiti-.

t
ents versus magnetic field of the two-~layer Corbino disk are plotted in’

Figure 3-20.

The Effects of Radiation on Indium Antimonide

The effects of electromagnetic radiation and high-energy particles
on semiconductors include'changes of semiconductor propefties. Both
ionization and neutron radiation on semiconductors will be studied,
Ionization radiation induces a transient effect in a short time after

radiation while neutroii radiation results in permanent stable defects.

The Interaction of Electromagnetic Radiation with Matter

Electromagnétic-radiation include§ effects produced by the photons
which ‘are classified according to their mode of origin, not their energy.
Thus, gamma rays are the electromagnetic radiations accompanyingvnucleér
transitions. Bremsstrahlung (or continuous X rays) are the result of
the acceleration of free electrons or other charged particles. Charac-

teristic X rays are emitted in atomic transitions of bound electrons
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between the K, L, M, -+ shells in atoms.' Annihilation radiation is
emitted when a positron and negatron combine. The quantum energy of any
of these radiations can be expressed as E = hv. Interactions of these
photons with matter are thought to be independent of the mode of origin
of the photon and dependent only upon its quantum energy (Reference

3-25).

The three major types of gamma-ray interaction are photoelectric
effect, Compton effect, and pair production. The relative importance of

these interactions is clearly illustrated in Figure 3-21.

120
Photoelectric Effect Pair Production

100 ~ dominant dominant

Z of 80 -

absorber 60 { - o=T o=K
T 40 - Compton Effect
20 - dominant
o Ll ] T 1 ] T I 1]
.0l .05 i 5 1 5 10 50 100

— hV in MeV

Figure 3-21. Relative Importance of the Three Major Types
of Gamma-Ray Interaction

The effects which photons produce in matter are actually almost
exclusively due to the secondary electrons. A photon produces primary
ionization only when it removes an electron from an atom by a photoelec-
tric collision or by a Compton collision, but the swift secondary elec-
tron which is produced from each primary ionization collision may have
nearly as much kinetic energy as the primary photon. This seéondary
electron dissipates its energy mainly by producing ionization and exci-
tation of the atoms and molecules in the medium. For electrons of the
order of 1 MeV, an average of about 1 percent of the electron energy is
lost as bremsstrahlung. The one primary ionization is completely negli-
gible in comparison with the very large amount of secondary ionization.
The net result of successive generations of interactions is the produc-

tion of low-energy electrons which no longer have enough energy to
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produce any further ionization and whose final energy distribution is
essentially independent of the primary process. These electrons will
then lose energy by scattering until they are either captured or

thermalized.

Effects of Ionization Radiation upon Semiconductors

In semiconductors, the ionization process is studied by assuming
low photon enérgy and by neglecting pair production. The transient ef-
fect of secondary electrons by the ionization process is of primary in-

terest.

The jonization produces free electrons in the conduction band and
free holes in the valence band of the semiconductors. The incident
photons into gases create electron-ion pairs; an energy deposited is
equal to approximately twice the ionization potential. However, in
semiconductors, energy .of approximately.three to:four times the bandgap
(Eg) is necessary to create an electron-hole pair. Both holes and elec—
trons contribute to the conduction process significantly in the semicon-

ductor since the current density is expressed as (Reference 3-26)

J=J +J = e[uh(P-+bn)E - Dhgrad(P-bn)]

e h
where
By T hole mobility
F = electric field
Dh = hole diffusion constant
= ue/uh :
g = P+
euh( bn)

From the above expressions, it is evident that the material conductivity
can be increased by irradiation (transient ionization) because of excess
carrier generation. 1In semiconductors, the excess carrier lifetime is
important in determining material properties. The dependence of the ex-
cess carrier lifetime upon the recombination centers in the forbidden

gap is particularly significant in discussing displacement radiation ef-

fects., The conduction process is also limited by traps which are defects
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with a large capture cross section for one type of the mobile carriers,
The trap captures a carrier, holds it for a finite length of time, and

then releases it so that it may again contributé to conduction.

Effects of Stable Fast Neutron Radiation

The effects of energetic neutrons on the physical properties of
semiconductors will be considered. Effects on the electrical properties
of semiconductors are of particular interest because of the relatively
large changes induced by small amounts of irradiation and the technolog-
ical importance (Reference 3-27). The major effects are carrier removal,
a decrease in excess carrier lifetime, and a decrease in carrier mobil-
ity.

In stable fast neutron irradiation, neutrons with energies in ex-
cess of 10 KeV (which will be designated as fast neutrons) will displace
atoms from their hormal lattice positions into an interstitial position,
This creates vacant lattice sites (vacancies) and interstitial atoms

(interstitials).

One important aspect of radiation damage is the spatial distribu-
tion of the defects. The damage introduced by a very energetic primary
knock-on will occur in a rather small localized region containing a high
density of defects. The total damage produced by a recoil atom bom-
barded with fission neutrons will lie within a region of about "range"
radius (Reference 3-28). The "range" of a particle is an experimental:
concept, relating to the thickness of an absorber.which the particle can
just penetrate. The electrical size of the damaged regions may be con-
siderably larger than their physical size; they are thus expected to
play an important role in the transport properties of a semiconductor.
The defect regions may be of opposite conductivity type relative to the
bulk semiconductor. More direct evidence for the inhomogeneous nature
of fast neutron damage is provided by electron microscope studies (Ref-
erences 3-29 and 3-30). A thorough discussion of damaged regions of

semiconductors is given by Vook (Reference 3-31).

The recombination centers created in the forbidden energy gap of
the semiconductor capture conducting carriers thus removing them from

the valence and conduction bands. The defect cluster intrinsic voids



and defect carrier removal determine the carrier removal rate. The mo-
bility changes in the semiconductor are primarily due to reduction in
active volume by the intrinsic voids (References 3-32, 3-33, and 3-34).
Since the excess/minority—carrier lifetime decreases with neutron bom-
bardment and the lifetime is a very strong function of the defect con-
centration, it is considered as a sensitive parameter of neutron bom-

bardment.

Much of the radiation damage research on semiconductor materials
has been concerned with detecting bombardment-produced energy levels,
Many levels have been detected in germanium and silicon, fewer in com-
pounds. Clear-cut explanations which relate the levels to the defects
and their geometrical arrangement have been. generally lacking (Reference

3-27).

Using the results of silicon and germanium, the radiation effects
in compound materials can be predicted since the carrier removal rates,
for instance, are of the same order of magnitude in different compounds
and since the results for monatomic  semiconductors (Si, Ge) do not dif-

fer greatly from those of compounds (Reference 3-32).

Effects of Radiation upon Indium Antimonide

The electrical properties of irradiated InSb are very sensitive to
the temperature and type of irradiation. This fact is reflected by the
final Fermi level position values (Eff) for different irradiation condi-

tions. At liguid nitrogen temperature, is close to or below EV for

Eff
1-MeV electron radiation, it is about EV + 0.03 eV for 4.5-MeV electrons
(References 3-35, 3-36, and 3-37), and is closer to the middle of the

gap or above it for fast neutron irradiation (References 3-38 and 3-39).
For room temperature neutron irradiation (References 3-40 and 3-41), Eff
is equal to Ec - 0,015 eV. Thus, increasing the temperature of irradia-
tion also causes Eff to increase. ' An increase in Eff corresponds  to the
creation of additional donors or the shifting of energy levels toward

the conduction band.

The energy levels found in irradiated InSb at 300°K are determined
from temperature dependence of the Hall coefficient (Ec - 0.02 eV, Ref-

erences 3-40 and 3-41) and from photoelectromagnetic (PEM) and
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photoconduction (PC) measurements (EV + 0.12 eV and Ev + 0.055 eV, Ref-
erence 3-42)., Fast neutron bombardment at ligquid nitrogen temperature
creates what might be the same level as room temperature electron bom-

bardment at about 0.056 eV.

The estimated introduction rates by 4.5-MeV electron irradiations
are 3.5, 1.5, and 1.5 (1/cm) for the levels at 0.03, 0,04, and 0.055 eV,
at 80, 200, and 300°K, respectively (References 3-35, 3-36, and 3-42).

One of the most.striking differences between III-V compounds and
group IV (e.g., Si and Ge) shows up in the response of lattice expansion
to irradiation. The specific lattice strain for structural defects is
much greater in InSb than in Ge or Si (Reference 3-31). This is due to
a greater lattice strain per defect rather than a greater introduction
rate. The lattiée strain per Frenkel pair in InSb is about one atomic
volume, and in Ge only about 0.02 atomic volume. The physical reason
for this result most probably involves the partially ionic character of
the III-V semiconductors. It is believed that the strain arises from

repulsion between the four charged nearest neighbors to a vacancy.

The electrical resistivity increases suddenly with irradiation and
then slowly decreases. The initial increase is probably due to the gen-
eration of point defects. The gradual decrease is due to the amorphous

regions, which should have a metallic-like conductivity.

The effects of 2-MeV electron radiation at about 50°K on the ther-
mal resistivity of high impurity InSb have been studied (References 3~31,
3-43, and 3-44). The added thermal resistance (cm-degree/watt) in-

creases as the 3/4 power of the integrated flux, ¢ in electrons/cmz.

The most thorough annealing experiments on InSb are those carried
out by Eisen (References 3-45, 3-46, 3-47, 3-48, and 3-37). The iso-
chronal annealing of n-type and p-~type InSb after 1l-MeV electron irradi-
ation is illustrated in Figure 3-22. Annealing studies on n-type InSb
irradiated with 4.5-MeV electrons show the same general future, except
that stages III and IV apparently were not resolved. In both stageé
~nearly all the observable damage in n-type InSb is removed after stage V
is completed. The monitoring property is carrier density from Hall

measurements. Reactor irradiation carried out under the condition of a
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Figure 3-22. lsochronal Annealing of n-Type and p-Type
InSb After 1-MeV Electron Irradiation '

rather large accompanying gamma-flux produced essentially the same an-

nealing characteristics, except that stages III, IV, and V are relatively

more prominent.

It was found that, for electron-irradiated specimens, the anneal-
ing of mobility slightly precedesvthe annealing of carrier density.
One-MeV electron irradiation of p-type InSb with a carrier density in
the 1016 cm—3 range, at 80°K, increases the carrier densitx and.de—'
creases the mobility. The first two annealing stages decrease the car-
rier density and increase the mobility. The higher temperature anneal-
ing stages are quite complex, some of them temporarily reversing the an-
nealing trend in carrier density. There are actually two energy levéls
associated with stage II annealing; one at EV + 0.04 eV and one at Ec -

0.03 eV. The recovery of InSb irradiated with 1-MeV electrons‘appears
to be considerably more complicated for p-type than for n-type.

The annealing of fast neutron pulsed reactor irradiated n- and p-

type InSb differs considerably from that of electron- or gamma-irradiated

specimens (Reference 3-38). 1In the temperature range 100 to 250°K, a
remarkable increase in the net donor concentration occurs in both p- and
n-type samples. Near room temperature, this trend is reversed, but com-
plete recovery is not observed up to the highest temperature of anneal-
ing, 400°K. For instance, the initially n-type specimén of InSb was

converted to p-type by the irradiation.
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Kurdiani (Reference 3-49) found that the recovery of the original
electron density in n-type InSb single crystals,.no = i.3 x iol4 cm—3
and By = 400,000 cm2/V—sec at 77°K, irradiated with fast neutrons of
1017 neutrons/cm2 at 50°C, took place in three stages: I--60-~120°C,
II——1204160°C, and III--160-300°C. The rebovery of the electron density
is complete after annealing at 300°C. The electron mobility also in-
_creases as the isochronal annealing temperature is raised. However, a
complete recovery of the electron mobility regquires additionally several
annealing cycles in the 300-360°C range:. A comparison of'the results of
annealing, represented by changes in the electron density and mobility,
indicated that the fast-neutron bombardment of InSb produced some imper-
fections in addition to other defects, which did not alter the electron
density but affected the electron mobility becéuse of additional scat~ ‘
tering. The bombardment of InSb with faét neutrons may generate oppo-
sitely charged centers forming composite neutral complexes of the dipole
type. The annealing of the irradiated crystals shows that these com-—
plexes are very stable, probably because of the Coulomb interaction of
neighboring oppositely charged centers, The changes in carrier density,
brought about by stage I and II annealing, imply the removal of ac-
ceptors, since the electron concentration in¢reases and the hole concen-
‘tration decreases in n-type and p-type, respectively. Fast neutron ir-
‘radiation also produces a more donor-like distribution of energy levels,
Reverse annealing in both properties (n- and p-~types) was observed near
105 and 310°K (Reference 3-43). This would seem to imply an actual in-
crease in the number of defects (scattering centers) dﬁring these two

annealing stages.

Effects of Radiation upon Indium Antimonide Thin Films

The thin films prepared-by vacuum deposition and recrystallization
are_normally polycrystélline in . structure. These films have many imper-
fections in crystalline structure.by nature; therefore, radiation effects
on these films involve complexity as well as‘uncertainty. For instance,
it can be said that single~crystal semiconductors have linear character-
istics, while thin-film sémiconductors are nonlinear. The electrical

characteristics of thin films may be studied through the experiments
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because theoretical analysis of the thin films is very complicated, and

it is impossible to model the complete polycrystalline films.

Since there are many imperfections‘in the polycrystalline films,
effects of radiation of low energy are not detectable; therefore, thin
films are subjected to radiation-hardened device studies. These films,
when irradiated with electron dose rates of 6 x 109 rads (InSb)/sec at
1.3 MeV and 2 x 1011 rads (InSb)/sec at 2.3 MeV as well as when irradi-

ated with neutron fluences of 1014, 1015, and lO16 nvt (neutrons/cmz)

did not indicate any change in electron mobilities. However, at 1017
nvt, electron mobilities of all these films dropped below 20,000 cmZ/V—
sec (Figure 3-23). The change in carrier concentration per unit of flu-
ence, -An/A¢ (cm—l) due to the neutron radiation should not be expected
to be significant until the neutron fluence is of the same order of mag-
nitude as the carrier concentration. For fast neutron bombardment of
compound semiconductors (Reference 3-32), the carrier removal rate is
between 2 and 6 (Reference 3-33). However, for the thin films, the car-
rier removal rates range from 0.247 to 3.350 cm_l. Sometimes, because
of insufficient recrystallization of InSb thin films, the carrier con-

centration of the films increases after irradiation at very high neutron

fluence levels. For this case, the opposite sign of the carrier removal

rate may be used.

Although some comments indicate that the experimental results fit
into a fairly consistent pattern, it must not be assumed that all radia-
tion effects in InSb are well understood. On the contrary, very little
is actually understood, although InSb is probably somewhat further along
in this respect than any other III-V compound. There are some unan-
swered questions concerning which defects give rise to which energy lev-
els, what processes are involved in the various annealing stages, and
why there is no evidence of donor creation by 1-MeV electrons at low
temperature; therefore, the radiation effects on polycrystalline InSb

films are studied by experiments.

73

ox
-2
o
ne

&1
[0
e
[2)
o
L+



Hall Mobility (m?/v-sec)

o4l
InSb Thin Film
94 —()— Betore radiation
: 10" 10", 10'® nsem?
8 + -O—VIO_'T n/em?
74
51
A A_— 5-408
A 7y
0 o S E— A—H O~ S-408
S5+
4 4
o, () S-405
.—: Zt‘_“,_— ‘—t"‘_‘* _ _2 s-gos
i 0. - o O O——O—4 5-382
3 5-382
2 -+
O S-408
o O 0 Q O -4
— 1/ 2 3 O~ S-405
0
1+ O O O O O O— §-382
o -+ + + — +— +
0 | 2 3 4 5 6 7

Mognetic field (Kgauss)

Figure 3-23. Variation of Hall Mobility with
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CHAPTER IV : r

SILICON AND GaAsP METAL-INSULATOR-SEMICONDUCTOR CAPACITORS po
AND Te THIN-FILM TRANSISTORS" o

~ The metal—insulator—semiconductor (MIS) capacitor is the most use-
ful device in ‘the study of semiconductor surfaces. Since the reliabil-
ity and stability of all semiconductor devices are intimately related to
their conditions, an understanding of the surface physics with the help

of MIS capacitors is of great importance to device operations.

The insulated-gate thin-film transistor (IGTFT) was fabricated by
Weimer (Reference 4-1) in 1961. These devices used evaporated sémicon-
ductor, metal, and insulator layers to form an IGTFT, and all processes
had been done in the vacuum system with the help of precisely designed
metal masks. Since the semiconductor layer is formed by deposition,
more defects and crystalline imperfections in the layer than in the cor-
responding single-crystal semiconductor are expected. This results in

more complicated transport processes in the TFT.
Metal-Insulator-Semiconductor Capacitors

Ideal MIS Capacitor

The ideal MIS capacitor theory serves as a foundation to under-
stand practical MIS structures and to explore the physics of semiconduc-
tor surfaces. The MIS structure is shown in Figures 4-1 and 4-2, and
the energy band diagram is shown in Figure 4-3. BAn ideal MIS capacitor

is defined as follows:

(a) at VG = 0 there is no energy difference between the metal
work function ¢m and the semiconductor work function ¢s’ or
the work function difference ¢ms is zero:

EG

¢ms = ¢m - ¢s = ¢m - (Xs + 29 ¢B) = 0 for n-type

©-
i
-
I
~
>

— = -
s n < + 3q ¢B) 0 for p-type
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where

is

(b)

(c)

Xs = cbis * Xi
E
' G
¢ = X T 3g 2%

metal work function

semiconductor electron affinity

insulator electron affinity

energy gap

potential barrier between the metal and the insulator

potential difference between the Fermi level EF and the in-

.trinsic Fermi level Ei
semiconductor work function

potential difference between the insulator and semiconduc-

tor conduction band edges

the only charges which can exist in the structure under any
biasing conditions are those in the semiconductor and those
with the equal but opposite sign on the metal surface adja~

cent - to the insulator

there is no carrier transport through the insulator under DC
biasing conditions, or the'resistivity of the insulator is

infinity.

Clean Surface Study— (Surface Potential, Electric Field, Surface

Charges, Space Charges, and Surface States)

In the MIS study, the relation between the surface potential,

space charge, and electric field is very important and will be used to

derive the capacitance-voltage characteristics of the ideal MIS struc-

ture. The band diagram at the surface of an n-type semiconductor is

shown in Figure 4-4,
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The potential near and at the surface as a function of distance

can be obtained by using the Poisson's equation (References 4-2 and 4-3).

2 ‘
O _ _px)
3x2 €s
where
¢ = potential function
€, = permittivity of the semiconductor
p(x) = total space charge density
p(x) = q(N. - N_ +P ~n)
4 D A n n
N; = ionized donor density
‘N; = ionized acceptor density’
P =P e-8¢
n no
n =n e6¢
n. no
Pno = equilibrium densities of holes in the n~type bulk
nno = equilibrium densities of electron in the n~-type bulk
= 4
B'kT

Solving the Poisson's equation, the following important set of results

is obtained:

(a) Electric field at the surface

P
2kT no
E = "—"F[B¢ ___J
qLD ,nno

P
2kT no
Es T Tqn F(Bfés’n
D no
where
LD Z extrinsic Debye length
¢s = surface potential
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n

- [2kTe - [2¢
L = S = ‘—_-S_
D n oqz qnnOB

n .
no no

P P , .
F(Bg, =) = ;’E(e's‘? + 88 - 1) + (e

(b) Space charge per unit area

2e kT P
S

F(Bd =)
no

s S s qLD

(c) Change of hole and electron densities

!
Ap = pn°£ (e g _ 1)dx

\

AP ' qpnoLD e (e

2kT
g

-B¢ N
P_ 1) g (cm 2)

s F(Bﬂ‘ln—n'o'

no

_ * g
.An-nno£ (e - 1yax

an L o B _ -

An = ZnJSTDf e P “Lag (em )
¢S F(B¢l'ﬁ_n£
no

(d) Strong inversion at a surface potential

N
_ 2kt , b
¢S = 2¢B =7 Ran(;l—i-)
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(e) Differential capacitance of the space charge region

-Bg P Bd
s no s
50 Es [l - e + S—gie - 1)
C.Emg = o= et = farad/cm

D ¢s LD F(B¢ no
" —
s nno

2

At flat-band, ¢s = 0

€ )
CD (flat band) = Ei /f farad/cm2
D

(f) Charge neutrality of the system

1

QM 7 Qs = Qp + qNDW

QM = charges per unit area on the metal
0 = total charges per unit area in the semiconductor
Q = inversion region charge per unit area.

ionized donor charge per unit area in the space charge xegion

.ég
=
1

with space-charge width W

(g) Potential distribution

Qs
VG-V +¢S"'"E':'+¢s
i
where
Vi = potential across the insulator
V :_.Q—S-iiz—..Q_s—
i~ g, C,
i i
€i '
Ci = R insulator capacitance .
i .
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(h) Total capacitance of the system

o= CiCD
S F
Cl CD
where
Ci = constant capacitance of insulator or maximum capacitance of
the system
CD = gpace-charge capacitance or depletion region capacitance

For flat-band condition,

£, e,
Cpp (85=0) = L_€e. :
d. + —lzf—ia €i kTEs
il g a, + (=
2 s i es n 2
v noq

The equation for the normalized MIS capacitance under depletion condi-

tions is expressed as

5 -1/2
(S < |1 - —ile
Ci qND€S

This equation explains that the normalized capacitance will fall with
the Square root of the gate voltage, for sufficiently negative values of
VG’ as the surface is being depleted. The (C/Ci) value for high fre-

quency is given by

5 1/2
2C,\ V!
€y of1- L€
Ql qNQE
where
Q
ss
f = - + —_—= -
v VG ¢ms Ci VG VFB
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ngure L-5, MIS Capacitance-Voltage Curves for n-Type Semiconductor

The capacitance-voltage curves for the MIS device are shown in

Figure 4-5.
age) where there is an accumulation
capacitance of the semiconductor is
pacitance is close to the insulator

voltage VG is reduced sufficiently,

In describing this curve, at the right side (positive volt-

of electrons, a high differential

observea.

capacitance, Ci'

As a result the total ca-

As the positive

a depletion region acting as a di-

electric in series with the insulator is formed near the semiconductor

surface, and the total capacitance decreases.

The capacitance goes

through a minimum and then increases again as the inversion layer of

holes forms at the surface.

The increase of the capacitance is depend-

ent on the ability of the hole (or electron) concentration to follow the
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applied AC signal. This is only possible at low frequencies where.the
recombination—-generation rates of minority carriers (holes in n-type)
can keep up with the small signal variation and lead to charge exchange
with the inversion layer in step with the measurement signal. As a con-
sequence, MIS curves measured at higher frequencies do not show the'in—
crease of capacitance on the left side. The capacitance curve under a

nonequilibrium condition is one of pulse condition.

Surface State Study

In a practical MIS device, there exist many other states and
charges which affect the ideal MIS characteristics. They are shown in

Figure 4-6 and are as follows:
(a) Surface states or interface states
(b) Fixed surface charges
(c) Mobile ions
(d) Ionized traps

In a practical system the following charge neutrality holds
+ =
QG * Qs st 0

where

’ st surface state (inter-state) charge

I}

Q

s space charge

From Figure 4-2, the input admittance is expressed as (Reference 4-3)

<
1

. = G, + jwc,
in in in

where

w2C TC,
ss

[\

N

I oot +c )%+ i, +0 )2
i S Ss 1 S
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X Fast interface states

o Slow interface states
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Figure 4-6, Basic Classification of States and
Charges in a non-ldeal MIS Device (Reference 4-4)
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C, (C.+C +cC )2+wz¥c(c,+0)
c - i c +C i s ss s 1. s
i .+C +C 2 2
in  CiHC HC 1S SS o oyc vc )2+ w?tic, +C))
B i s ss _ i s’
9Q
- %s .
Cs = _EE?—' space charge capacltance
ast
c = - , surface state capacitance
ss g
]
T = time constant of surface state

Since CSS is independent of the V

o’ the CSS can be set equal to zero for

the ideal MIS device. Hence

c,c,
Cin~c +cC
1 s

To evaluate the surface-state density, the capacitance measurement

or the conductance measurement can be used since both Cin and Gin con-

tain similar information about the surface states. For MIS devices with-

relatively low surface-state densities (~lOlO states/cmz/ev) the conduc-
tance method can give the most accurate results. By differentiation,
integration, or temperature procedures, the evaluation of surface-state
density using capacitance measurement can be achieved (References 4-3

and 4-4).

c.Av coul/cm2

st - i G
0Q
1 ss 2
Nss = q(8¢ } states/cm /eVv
S v
G
where
AVG = gate voltage shift
NSS = surface-state density per unit energy

In the capacitance measurement, the difficulty arises from the

fact that the surface-state capacitance must be extracted from the
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measured capacitance which consists of Ci, Cs' and Css' Since both the
capacitance and conductance as functions of voltage and fregquency con-
tain identical information about surface state, greater inaccuracies
arise in extracting this information from the measured capacitance.

This difficulty does not apply to the measured conductance which is
measured simultaneously in a standard capacitance bridge, because it is
directly related to the surface states. Thus conductance measurements
yield more accurate and reliable results, particularly when Nss is low.
The frequency-dependent capacitance in parallel with a frequency-depend-
ent conductance, the frequency-independent capacitance of the insulator,

and their relation are expressed as (Figure 4-7)

Yin=Gjp TiwCi,

1 _: Yin — %Gp

L

A

(@}
©

T = Cgg Rgg

Figure 4-7. Equivalent Circuits of MIS Devices

Css
C =cC +—>1—
P S 1 4 W
Csswz'l'
G =
Py wir?
where
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C R
S8s s8

R

ss resistance associated with surface states

Since the Gp expression does not contain CS and depends only on the
surface-state branch .of the equivalent circuit (Figure 4-7), the Css can

be obtained directly from Gp measurement.

where

A = gate plate area.

C-V . Characteristics of GaAsP and Silicon MIS Capacitors

Commercially available (100) GaAs xPx material with a phosphorus

mole fraction of x = 50+2 percent was uied° The 4-mil-thick GaAsP epi-
taxial layer was tellurium doped to a donor concentration of 2 x lO15
atoms/cc or 3 x lO15 atoms/cc. The energy gap of GaAsP is 1.95 eV. The
epitaxial layer was grown on a 15-mil-thick GaAs substrate. The sub-
strate dopant was tellurium (ND x 7 x 1017 atoms/cc) and the resistiv=
ity was 0.003 {-cm. The energy gap of GaAs is 1.4 eV. The intrinsic
carrier concentration, ni, is ~3 x 1015 carriers/cc. The electron mo-

bility for real GaAs samples lies in the range of 326 to 1,200

5 1/2Pl/2 5
cm” /V-sec, while the hole mobility lies in the range of 60 to 250 cm™/
V-sec. A very rough estimation of electron-to-hole mobility ratios of
10 was made (Reference 4-5). The dielectric constant of GaASl/ZPl/Z is

11.35 and a value of €s for Gaas is 10—12 F/cm. Unfortunately,

1/2F1/2
the properties of GaAsP are not well known.

The GaAsP MIS capacitors were fabricated on electron-beam evapo-
rated-A1203 by evaporating aluminum gate and following with helium and

oxygen annealing. The fabrication processes are detailed in Appendix B.

The C-V characteristics of stable GaAsP MIS capacitors are shown
in Figure 4-8. The hysteresis loop is also recorded to-evaluate the
stability of the capacitor. The depletion characteristic rather than
inversion is measured for GaAsP MIS capacitors. This characteristic

could be caused by a shortage of minority carriers in the bulk or at the
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Figure 4-8. C-V Characteristics of A1-A1,03-GaAs| /9Py /9
Capacitors by Using Electron-Beam Evaporation Technique
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interféce and/or by ineffectiveness of the minority carriers because of
their low mobility (Reference 4-5), It is instructive to relate the re-
sults of GaAsP MIS capacitors to the silicon, “The C-V characteristics .,
of the A}—Al203—si capacitors do not show the depletion, behavior (Figure

4-9).

In order to evaluate the fabricated MIS capacitors, the surface- .

state charge density, Qsé, and the surface-state density, ﬁss, should be

calculated. If a value of Xg =.-4 is assumed for GaASl/ZPl/Z'and the
value of ¢m is 4.25 for aluminum, ¢ms is estimated to be 0.25 volt.

From the flat-band voltage of V_ = 1.5 V (Figure 4-8) and C, = 9.4 x

FB
107° F/cm?

(A1203), the st ¢an be obtained as

a— - ' '— - —8 5 2
Qs = (VFB ¢ms)ci = 1.;75 x 10 ° coul/cm

From the above value, the surface-state density ﬁss is calculated as

ssl 10

N = = 7.35 % 10 states/q:m2
ss q

For the AlwAleB-Si capacitor (Figure 4-9), the value of Xg is 4, the

¢ wvalue is 0,25, and the VFB

is 0,8; therefore
ms ,

Q. = -5.21 x 10”2 coul/em?

N__ = 3.26 x 10*° states/cm?

The stability of the capacitors was excellent because there is no

change in C-V curves even after several to several dozen sweeps. The

small area of hysteresis loop also indiéates good drifting characteris~ "

tics,

The theoretical C-V curves are plotted in Figure 4-8, using the

following formula:

N cm=l/2
(_Ci_) =1 - zci(,VG " VFB)

_ ge _N..!
D _ s D .
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For the inversion regime-(e.g,, Si-—Al2

03-Al), the value of (C/Ci)'for
high frequency can be calculated by ‘using the formula o '

(129 - 1 .
C. Eidd
T 1+ —=
€ d,
s i
where
d x 1015 in microns
dmax " IN

The electron-beam evaporated A1203 insulator has been evaluated
through thermal annealing and electrical measurement. Before thermal
annealing, a large number of charged ions in the insuiator was observed
by measuring the C-V curves. Annealing in helium ambient (1L liter/min)
for 20 minutes and in oxygen (1 liter/min) for 40 minutes at 225-250°C
resulted in excellent C-V charaqteristics as shown in Figures 4-10(a)
and 4-11 (References 4-6, 4-7, and 4-8). The hystereéis loop was almost
completely removed, and the C-V curve was very stable eveh after several

“hundred sweeps. Annealing in O_ at 420°C for 15 minutes introduced many

pinholes on the insulator and tie C-V characteristic was worse as shown
in Figure 4-10(b). A temperature of 250°C is the maximum limit for at-
taining'good results. An evaporation rate of 60 ﬁ/min showed excellent
results consistently; however, 200 i/min resulted in increasing the ca-
pacitanceVaIugnear”the bending point (C/Ci = 1) as shown in Figure
4-10(c). An insulator thickness of 2,500 & (rate 60 ﬁ/min) induced good
resistivity and breakdown voltage characteristics; however, the capaci-
tance change in C-V curves was not sufficient (Figure 4-10(d)). The
typical values of resistivity and breakdown voltage of the electron-beam
evaporated Alzo £ilms ranged from 1013 to 1014 ohm-cm and from 2.2 x

lO6 td 2.8 x 10 V/cm, respectively.
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Sample S-2202
n-type Si '

. 2000R of Al,0,4 4i0
aluminum gate

annealed in He for 20 min

and O, for 40 min at 250°C
test frequency : | MHz

\ Sample S-2106
$-2202 (C;A=8.8pf) n-type Si

$-2106 (C;A=13pf) "60(.)& of Al,04

aluminum gate
annealed in He for 20 min
and O, for 40 min at 230°C
test frequency : | MHz

1 1 L— 1 !
-15 -10 -5 0 5 10 15

Figure 4-11. Capacitance-Voltage Characteristics
of Si-A1203-Al Capacitors

Metal-Insulator-Semiconductor Thin-Film Transistor (MISTFT)

MIS Thin-Film Transistors

The metal-insulator-semiconductor thin-film transistor can be con-

structed in a variety of forms which are
(a) Staggered-electrode structure having the gate on top
(b) Staggered-electrode structure having the gate at the bottom
(c) Coplé_nar—electrode structure having the gate on top
(d) Coplanar-electrode structure having the gate at the bottom

Typically, glass, quartz, or sapphire is used as the insulating sub-

strate, CdS or CdSe as the semiconductor, gold or aluminum as the metal
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electrodes, and silicon oxide (Siox) or aluminum oxide as the gate insu-
lator. However, the MIS tellurium thin-film transistor with A1203 di-
electric will be described. A simplified structure of the thin-film

transistor is shown in Figure 4-12,

Source VG VD

Semiconductor

Figure 4-12, Structure of the MISTFT

For the MISTFT without surface state, the drain current can be ex-

pressed as (Figure 4-13)

p %
-_— s * - - ———
Ip = (L)ueci Ve = V)V = 3
where
qnodsc
VT z - C , threshold voltage
i :
Ci = insulator capacitance
dSc = semiconductor thickness
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(Volts)2

A
ip
»*
HeCi
i 2 4 2
7 WVe-Vy) =3V
14 | NON-SATURATION SATURATION
REGION REGION
VG-VT=5V
; .
(VG-VT)VD-—é—VD
. ’/,
4v
’/
3v
2V
Y
T T
10 15
Vo {Volts)

Figure 4-13.

Theoretical TFT Characteristic Curves
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n initial charge density in the semiconductor

*

e

effective channel mobility

In the nonsaturation region, the drain conductance and the transconduc-

tance are given by

I
- _%p _ (W )
% T W (Puee; v - vp)
Ply 50
D
(4-1)
oI
- D — (W), *
In - S (L)ueClVD
b

In the saturation region, the saturation drain current and the satura-

tion transconductance are expressed as

*

Tpsat = (_ng)“e;i Ve - VT)2
Wy * 2Wu < IDsat
gmsat = (fgueci(vG - VT)M? D L
since
Yp = Ve 7 Vo = Vpsat
In the depletion-typg TFT, the saturation drain current at VG = 0 is
Ingat (Vg =0) = (%) (u‘:ci Vo = ::c; (qucno)

A figure of merit which characterizes the high-frequency performance of -
the TFT is the gain~bandwidth product which is equivalent to the maximum

bperating frequency:

m " 2wCiWL : : (4-2)
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From Equations 4-1 and 4-2,

*

. o le'Dsat
m 2
2mL
For the nonsaturation region (VD < VG - VT),
11*
e
f = v, -V.)
2 T
n 2mL G

Hofstein (Reference 4-6) presented a theoretical qualitative anal-
ysis of the behavior of the junctionless or deep depletion type MIS
thin-film transistors which are different from the surface inversion
conducting channel devices. This type of device is basically a deple-
tion type transistor, although it may of course be operated in an en-
hancement mode. The model is illustrated in Figure 4-14. It was also
shown that if an inversion layer formed at the insulator-semiconductor
interface before the channel was completely depleted, then complete

pinch-cff of drain current by the gate would not be cbserved.

Deal, et al. (Reference 4-10), Heiman (Reference 4-11), and Grove,
et al. (Reference 4-12) showed that saturation of drain current and
pentode-like characteristics might be maintained with channels substan-
tially deeper than the maximum depletion region depth obtainable with
the drain voltage set at zero (i.e., operated as an MIS capacitor). A
curve of the maximum depletion depth versus donor concentration (doping)
is shown in Figure 4-15, on the basis that the maximum depletion depth

is on the order of 4 to 6 Debye lengths where the Debye length is de-

fined by
2kTeo€s
Ip = 2
D
Effects of Traps and Surfacé States on MISTFTs - T w

The electrical characteristics of a TFT are basically identical to
those of an insulated gate field effect transistor. The detailed trans-

port processes in a TFT are more complicated. The major complication
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Source . VG

Vp= O

Drain electrode

Ohmic contact

dep'le.tic'm =

n-type film

4 4
7 Insulohng substrate 7

V 7
v (a)

Hole Inversion

VD > (VG-VT)

5\\.\_‘\;\*}5@ e@@ g'

7 4 V4 Y4 ” V2
Y y 7 p o (b)

Hole Flow
Vp > (Vg-Vy)

7777 7e7TIII7A. -

% 4
173 V/4 (c)

Figure 4-14,

(a) Quatitative illustration,for Vp = 0.

Deep Depletion Thin-Film Transistor Structures

(b) Deep depletion structure showing shape of depletion region under

operating bias.

(¢) Minority carriers (holes) are conducted down the surface inversion
layer to the source, when they recombine.
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Figure L-15.

Maximum Depletion Region Depth versus Np for Silicon
(References 4-7, 4-8, and 4-9)



'

arises from the fact that the semiconductor layer is formed by vacuum
deposition and a deposited layer contains many more defects and crystal-
line imperfections than the corresponding single-crystal semiconductor.
Thus the trapping centers in the semiconductor layer will have a pro-
found effect on the device characteristics. In addition, the trapping
centers in the deposited insulator, the surface states and surface
charges near or at the semiconductor-insulator interface, and the metal
contacts to the semiconductor will influence the device performance.
Actually the rectifying contacts in a TFT result in a low transconduc-
tance; large densities of traps and states can cause a reduction of the
channel mobility and can affect the reliability, reproducibility, and

performance of the TFT (Reference 4-3).

The interaction and effect of the surface trapping centers on a
TFT will be considered. The source-drain conductance at zero source-
drain voltage, 9y’ and the small-signal AC transconductance in the satu-

ration region, I is given by (References 4-3 and 4-13)

9p T (%aciuzvc (d-3)
dn dn
= (¥ * - __c _bv -
I = (L)Ci”e Vg VT)(dn * B4 (4-4)
1/2

(w. + Bw )2 + w2 .
g (@) =g 1 2 &30 (4-5)
m o 2 2

(wl + mz) + W

where

2
*_ (2 | _8 . .
He = (“Jci [BVG IDsat] , effective carrier mobility in
VD the channel
quc
Vc £ C . nc , effective conducting channel voltage
i
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1 ¥ 1,00
Vo = 510G~ Vp) = W V)T 4 5LV, - V) = (V7 +V,)]
1/2
+4Vl (VG-VT)}
V = -—22(n__ +mn ) , threshold voltage
T i co to '
quc
Vt E --(-,:-—-th , effective voltage drop due to traps
i
qd c
vV, E w—fw—n » effective voltage drop due to n
1 Ci 1 1
= (W *
95 = (DO5H eae) Vg = V)
n_ dp*
B = ﬂ.g,(...._dne)
e t
) nlcnv
ml F ‘
tde
(1 " ™N )
t
= o tdc
wy & Mo (1 - =
t
w2 (1 - Bw
tand = , 5
+ + ‘
oy wz)(wl Buy) +
dnc _ Wy + Jw
dn ml + w2 + jw
e Y2 |
dn w, +w, + juw.
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sc

<1 s

available density of carrier present in the
semiconductor if the Fermi level were at the

trap level
n + n_ , total carrier density
density of empty traps
density of conduction carriers
initial density of conduction carriers
density of filled traps
initial density of filled traps
total effective density of traps
effective density of states in thg¢ conduction band

ionization energy level of traps measured from conduc-

tion band edge
semiconductor thickness or effective inversion depth
capture cross section

average velocity of mobile carriers

jw
n + n e t for DC and AC parts of the gate volt-
cde cac
age
n + n ejwt for DC and AC parts of the gate volt-
tdc tac

age

For the small trap densities and large trap ionization energy (i.e.,

ideal case), Equations 4-3, 4-4, and 4-5 become
= (Mo * -
9 7 (L)Ci“e Vg = Vo)
= (¥ * - =
Im = (L)Ciue(VG VT) = 9%

since
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-V v
v T>?Vt+l

G

V. is very small for small n

* 1

dnc '
ey ¢‘1 for small nt

an
‘-« 0
?ﬁr_u | for small n,

As w > 0 and as w = «, the transconductances are expressed by
w, + pw
I
gm,wﬁo go w, + w

1 2

gm,w*m %

For different values of B, the |gm(w)l can be classified as-:

if B =0, |gm(w)| = an increasing function of frequency,
if 8 = 1, |gm(w)| = 9 (constant), and
if B » 1, |gm(w)|'= a decreasing function of frequency

The trapping centers in the insulator can cause additional effects
of drift and instability in the TFT. The kinetics of carrier transfer
are given by

Bnt

. -
T O

N - - vo
5T nNg = Bln, Vo men

tl

where all values are those for the insulator.

In a TFT, it is evident that the detailed transport processes are
very complicated because of the large densities of traps which exist in
the semiconductor, in the insulator, and at the surface, Therefore, in
order to improve deviceffeliability, reproducibility, and performance,

the trap densities are to be reduced.
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Thermal Limitations of the Thin-Film Transistor:

In the simple treatment of the TFT, the gain-bandwidth product of
the device is proportional to the carrier mobility and inversely propor-
tional to the square of the source-drain spacing, L; therefore, to ob-
tain high frequency operation the source-drain spacing should be reduced
and a high mobility semiconductor should be used. However, power dissi-
pation in the TFT is related to channel dimension as well es to the
physical dimension of the device; thus the power dissipation will be in-

troduced into the basic theoretical characteristics (Reference 4-14).

At the knee of the ID versus VD plot, the power dissipation per

unit area is

\Y
IDsat Dsat

P = WL
where
2
v, -V
Dsat L ue i 2
2L2P L/
=V - = | ———
VDsat G VT p*c
e’i

gm
[G - BWl = £ * Zrcwt
1
2/3
*v7. ‘ *
. . le'Dsat _ _3_._(1)1/3 o) L1/3
n 21TL2 2m Ci L2

The heat flow from the center of the heated region can be expressed as

shown in Figure 4-16 by

. daT .
= =TLXKW
Hsubs o dr -
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%? Active Region of

_.I L r_ Device, T,
d_ 4

w
Substrate
7 + T
R 7 \\‘. ;
\ : I
\ /
bL Hea\f\ , ,,/

o s /X
- ' Approximate Room Temperature

Isothermal, T,

Figure 4-16. Heat Flow Pattern from a TFT

nKW(Tl - T2)

H . =
subs on ?_)
a

] ' -
2delK‘ W(Tl T,.)

2
He1 ~ b
=12 4 4
Hrad = 2.74 x 10 El(Tl - TZ)WL cal/sec
where
Hsubs = heat flow through an element distance r from channel
Hel = heat flow conducted away from the channel through the
~source and drain electrodes
. = heat loss by radiation
rad

r = radial distance from channel
k = thermal conductivity of the insulating substrate

T. = temperature at the channel
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T_ = approximate room temperature isothermal

L

2.
b = substrate thickness

-
n

dél = metal electrode thickness
k' = electrode thermal conductivity

E, = emissivity, 25-70 depending on metal and surface
The total power dissipation is then given by

.+ H .+
Hsubs el Hrad

tot WL

The most important heat loss in solid-state materials is due to

the substrate conduction. For a temperature rise of 75°C (Ti = 100°C

and T2 = 25°C), the maximum power dissipation is about 300 W/cm2 on a

glass substrate.and 10 KW/cm2 on a sapphire substrate (Reference 4-14).
Considering the power dissipation, the operation of a TFT is limited to
the condition that the (V. - VT)‘and V, values must be within the maxi=
mum permitted for the substrates used.

Evaluation of Fabricated MIS Thin-Film Transistors

Elemental tellurium has advantages over III-V and II-VI compound
semiconductors since it is easily evaporated. Dissociation and stoi-
chiometric problems as encountered with materials such as Cds, GaAs,

Insb, do not exist for evaporated tellurium.

The starting source material was semiconductor grade p~type tel-
lurium of 99.999% purity from Electronic Space Products, Inc. The gate:

electrode was deposited upon ‘the Al coated glass substrate, followed

203
by the electron-beam evaporated A1203 or anodized A1203 insulator, the
gold source and drain electrodes, the tellurium, and the Alzo3 protec-
tive overcoating, in that order. The fabrication processes are detailed
in Appendix B. The resulting TFTs exhibitea both depletion and enhance-
ment type characteristics. Drain current versus voltage characteristics

for a typical Al—AlZQ -Au-Te transistor are shown in Figure 4-17.

3
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L 100

Figure 4-17. ID-VD Characteristics of Al-AIZOB-Te TFTs
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Data which will be used for evaluation of the fabricated Te TFTs

are the following:
Geometry: W =:600-750 mils, L = 3-5 mils, and W/L = 120-250

Mobility: 42.5 cm?/V-sec for 100 & (UNM data)

‘ 65.O~cm2/V—sec for 130 R (Reference 4-16)
130 cm?/V-sec for 200 & (Reference 4-16)
250 cm?/V-sec for 400 & (Reference 4-16)
200 cmz/Vﬁsec for 150 & (Reference 4-15)

Carrier density: 1 to 3 x 1018‘atoms/cm3 (Reference 4-16)

Insulator: A1,0, (400 R or 1,500 & thick)

For the values of W/L = 200, Ci = 1,6 X 10_1 F/cm2, VT = 4 V, and p* =
42.4 cmz/V—sec, the drain characteristic curves can be plotted.\ The

theoretical and experimental characteristics of the Al—A120 -Te thin-

3
film transistors are shown in Figure 4-18.

In order to investigate the effect of traps and surface states on
the thin-film transistors, the following calculations are needed. For

1 - o s s
dsc = 100 ﬁ, VT =4V, nco =3 x 10 8 om 3, and initial occupancy of 80%

(fto = nto/Nt = 0.8), the important data are obtained as
VTcl 18 3
n = ==—=4x 10" cm
o ad
sc
n =n - n = lO18 cm-3
to o) co
n
N = 2= 1.25 x 1028 o3
t £
to
gd
scC
Vt = -z Nt = 1.25 volt
i
- fy 17 -3
n, = ——————a = 7,5 x-10 cm
1 f co
to
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n._qgd
V. = 2-5S _ 0,75 volt

1 C.
i

<
i

1, - _ _ o2 _ - 1/2
Sl - 2) - [, - 2)% - 3, - 4177°)

The VC and gy versus VG curves are shown in Figure 4-19. For VG - VT =

1 volt and VD = 1 volt, the transconductance is gm = 9 mmhos, and the

gain-bandwidth product, fm, is obtained as

g
£ o2 —25

. 6
n E-—C;—W-E—O.77x10 Hz

Since the operating temperature of the TFTs is higher than the ambient
(e.g., AT = Tl - T2 = 75°C), the thermal conductivity 6f the substrate
material and the dimensions of the device are used for calculating the
power dissipation and maximum gain-bandwidth product. For AT = 75°C,
K = 8.4 x 10.-3 watt/cm2—°C for glass, ¥k = 2.94 x 10—l watt/cm2—°C for

sapphire, a = 3.8l x 10-'3 em, b = 2 x 10 cm, W= 1.52 gm, L = 7.6 x

) -5 -
10 3 cm, WL = 1,155 x 10 cm2, dél = 10 cm, K' = 6.72 x 10 3 watt/cmz—
°Cc, and El z 50, the maximum allowable powers can be computed as
- = 3.05 :
_Ptot 3 W for glass
P! = 265 W/cm2 for glass
tot
Ptot = 42,7 W for sapphire
p! = 3.7 KW/cm2 for sapphire
tot

From the above maximum powers, the gain-bandwidth products may be calcu-

lated as
S 6
fm = 6,43 x 10 (13')1/3 = 0.87 x 10 Hz for glass
6 : )
fm = 2.25 x 10 Hz for sapphire
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Figure 4-19. Effective Conducting Channel Voltage and
Conductance Characteristics of Al-Aly03-Te TFTs
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The tellurium thin-film transistor showed good saturation charac-
teristics for a thin semiconductor (~100 &); however, above 100 &,JID.-
VD curves became stiffer and around 300 R the triode characteristics
were observed. The transconductance value can be increased by reducing
the source?drain gap (L) and resulted in wide gain-bandwidth product.
Depletion mode drain characteristics were also obtained, and the trans~

conductance values were comparable to the enhancement mode (Figure 4-17).
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CHAPTER V

SUMMARY AND CONCLUSIONS

Thin-film‘structure and formation were studied and high mobility
thin films of indium antimonide were prepared using the electron-beam
evaporation technique. Thin-film Hall devices and magnetoresistors were
fabricated, electrically tested, and the electron'and stable fast neu-
tron radiation effects on the films were studied. GaAsP and silicon MIS
capacitors were fabricated by using aluminum oxide (A1203) as well as
silicon oxide (Siox). Tellurium thin-film transistors were also fabri-
‘cated using electron-beam evaporated A1203 and the wet anodization of

aluminum. - The device stability was studied before and after thermal an-

nealing in various gases.

The physical properties of the InSb compound semiconductor were

studied to understand the detailed mechanism of thin~film nucleation and

growth, Effects of vacuum chamber pressure, deposition rate, defects,
grain boundaries, and surface scattering were investigated. It was
found that the larger grain size iesulted‘in high mobility. High mobil-
ity Insb thin films were obtained using a modified electron-beam evapo-
ration techniQue and recrystallization. PolycryStalline n-type indium
antimonide was evaporated. from a tungsteﬁ or molybdenum boat with an
electron beam at rates of 300 to 500 i/sec on precleanéd glass sub-
strates, maintained at 300°C, at a pressure of 2 to 3 x 10_7 tofr. It
is important to evaporate all the charges of indium antimonide from the
boat. Thicknesses of these films varied between 2.5 and 5.2 microns.
Before recrystallization the films were heated in'an oven at 250°C for °
about .20 minutes to form a-protective layer of oxide. Recrystallization
was done in dry argon ambient4(2 liters/min) between 520 and 535°C for 2
to 3 minutes. Electron Hall mobilities, measured by van der Pauw's

method, ranged from 40,000 to 68,000 cm2/V—sec;

Galvanomagnetic coefficients of bulk rectangular Hall devices were
obtained as Hall coefficient of 310 cm3/cdul,‘conductivity of 252 ohm-l
- . . ’ 16 - s
cm l, carrier concentration of 2.22 x 10 cm 3, and Hall mobility of

78,000 cm2/V—sec. For two-layer rectangular thin-film Hall devices,
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galvanomagnetic coefficients of o = 200 ohm—l cm—l, U = 66,000
eff -1 eff

om? fv-sec, R = 330 cm>/coul, 6 = 234 ohm ¥ om Y, y_ = 1,000 cm?/V-
Heff 3 s 18 -3 s -1 -1
sec, R__, = 4.28 cm™ /coul, n_ = 1.605 x 10 ecm ~, 0, = 195 ohm ~ cm 7,
HS s b 16 -3

By = 68,000 cmz/V—sec, RHb = 349 cm3/cou1, and <nb> = 1,97 x 10 cm

were computed at room temperature. For two-layer Corbino disks, oy =

234 ohm ¥ em Y, R, = 4.28 em/coul, ¥__ = 1,000 cm’/V-sec, n_ = 1.605 x
18 -3 HS 1 -1 es 3 s 5

10 cm , O 195 ohm cm , R = 349 cm” /coul, u = 68,000 cm™ /V-

16 Hb . eb

-3
1.97 x 10 cm  were measured at room temperature. For

(| ey

sec, .and nb
Corbino disks of two-layer thin film, a magnetoresistance of 18 was ob-
tained at B = 10 Kgauss.

These films, when irradiated with electron dose rates of 6 x 109

rads (InSb) /sec at 1.3 MeV and 2 x 10ll rads (InSb)/sec at 2.3 MeV as well

as when irradiated with neutron fluences of 1014, 1015, and 1016 nvt,

did not indicate any change in electron mobilities. However, at 1017
nvt, electron mobilities of all these films dropped below 20,000 cm2/v—
sec. The carrier removal rates range from 0.247 to 3.350 cm—l. For in-
sufficiently recrystallized InSb thin films, the opposite sign of the

carrier removal rate is observed.

A1203 (99.999% purity) was used for electron-beam evaporation

source material. The insulating films of A120 were deposited from

3
single-crystal sapphire at rates of 60 to 200 ﬁ/min in an oxygen back-
ground of 5 x 10-5 torr to minimize dissociation of A1203. The semicon-

ductors are n-type GaAs and silicon with precleaned surfaces.

1/251/2
Gate metals are aluminum an8 chromium; evaporated silver formed ohmic
contact at:the bottom. The febricated MIS devices are annealed at 250°C
in helium ambient (1 1iter/m1n) for 20 minutes and in oxygen (1 liter/
min) for 40 minutes. The C-V measurement showed excellent stability-—
even the hysteresis loop is almost indistinguishable-——since these an-
nealings remove the charges in the insulating layer. Inversion was ob-
served in silicon MIS capacitors; however, depletion rather than inver~
sion was observed in GaAsP MIS capacitofs even at low negative bias
voltage (~40 volts). This characteristic could be caused by shortage of
the minority carriers in the bulk or at the interface or by ineffective-

ness of the minority carriers. Electron-beam evaporated silicon mon-

oxide was also used for a dielectri€, but instability was observed. An
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A1203 insulator was obtained in a 0.05 N ammonium phosphate (NH4H2PO4)

electrolytic cell. The advantage of anodized A120 is that it yields a

3
thinner insulating layer (~400 R); however, electron-beam evaporated
A1203 contains fewer charged ions in the dielectric than does anodized
A1203.

"For the silicon MIS capacitor, typical values of surface-state
charge and surface-state density were -5.21 x 10-9 coul/cm2 and 3.26 x

10 . \
10 'states/cmz, respectively. For the GaAs MIS capacitor, sur-

e 1725172
face-state charge of -1.175 x 10 coul/cm® and surface-state density of
7.35 x 1010 states/cm2 were obtained. Constant capacitance values (Ci)
were 13 pf for silicon and 4.6 pf for GaAsP., The resistivity and break-
13 14

down voltage of fabricated A1203 ranged from 10 to 10 ohm-cm and

from 2.2 x lO6 to 2.8 x 10 V/cm, respectively.

‘MIS thin-film transistors of InSb and Te were fabricated using
photoengraving techniques. With InSb, in spite of extensive experi-
mental work, a high-transconductance TFT with well-saturated character-
istics was nof obtained. However, with Te, a réther high-transconduct-
ance TFT with wéll-saturated characteristics could be fabricated. A
chromium gate could not be used because of etching difficulties; there-
fore, an aluminum gate with dimensions of 5 x 600 mils was used. The
source and drain metal was gold. Thicknesses of the insulator and semi-

conductor were ~450 & and ~100 R, respectively. For V_ - VT = 1 V and

G

'VD =1 V,-gm = 9 x 10-3 mho and fm x 0,77 x 106 Hz were obtained.
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